L Number 


Hits 


Search Text 


DB 


Time stamp 


1 


305 


{(SAMPLERS OR (SAMPLING ADJ CIRCUITS) OR ((FIRST OR SECOND) 
ADJ (SAMPLER OR (SAMPLING ADJ CIRCUIT)))) ) AND JITTER 


USPAT; 
US-PGPUB; 
EPO; JPO; 
DERWENT; 
IBM TDB 


2004/03/ 1 7 


13:53 


2 


45 


(((SAMPLERS OR (SAMPLING ADJ CIRCUITS) OR ((FIRST OR 
SECOND) ADJ (SAMPLER OR (SAMPLING ADJ CIRCUIT)))) ) AND 
JITTER ) AND STROBE$6 


USPAT; 
US-PGPUB; 
EPO; JPO; 
DERWENT; 
IBMJTDB 


2004/03/ 1 7 


1 3: 1 1 


3 


9 


((((SAMPLERS OR (SAMPLING ADJ CIRCUITS) OR ((FIRST OR 
SECOND) ADJ (SAMPLER OR (SAMPLING ADJ CIRCUIT)))) ) AND 
JITTER ) AND STROBE$6) AND AGILENT 


USPAT; 
US-PGPUB; 
EPO; JPO; 
DERWENT; 
IBMJTDB 


2004/03/ 1 7 


1 4:08 


4 


36 


((((SAMPLERS OR (SAMPLING ADJ CIRCUITS) OR ((FIRST OR 
SECOND) ADJ (SAMPLER OR (SAMPLING ADJ CIRCUIT)))) ) AND 
JITTER ) AND STROBE$6) NOT (({((SAMPLERS OR (SAMPLING ADJ 
CIRCUITS) OR ((FIRST OR SECOND) ADJ (SAMPLER OR (SAMPLING 
ADJ CIRCUIT)))) ) ANO JITTER ) AND STROBE$6) AND AGILENT) 


USPAT; 
US-PGPUB; 
EPO; JPO; 
DERWENT; 
IBMJTDB 


2004/03/ 1 7 


1 3:49 


5 


33 


(((((SAMPLERS OR (SAMPLING ADJ CIRCUITS) OR ((FIRST OR 
SECOND) ADJ (SAMPLER OR (SAMPLING ADJ CIRCUIT)))) ) ANO 
JITTER ) AND STROBE$6) NOT (((((SAMPLERS OR (SAMPLING ADJ 
CIRCUITS) OR ((FIRST OR SECOND) ADJ (SAMPLER OR (SAMPLING 
ADJ CIRCUIT)))) ) AND JITTER ) AND STROBE$6) AND AGILENT)) AND 
DELAY $6 


USPAT; 
US-PGPUB; 
EPO; JPO; 
DERWENT; 
IBMJTDB 


2004/03/ 1 7 


1 3:56 


6 


3 


(((((SAMPLERS OR (SAMPLING ADJ CIRCUITS) OR ((FIRST OR 
SECOND) ADJ (SAMPLER OR (SAMPLING ADJ CIRCUIT)))) ) AND 
JITTER ) AND STROBE$6) NOT (((((SAMPLERS OR (SAMPLING ADJ 
CIRCUITS) OR ((FIRST OR SECOND) ADJ (SAMPLER OR (SAMPLING 
ADJ CIRCUIT)))) ) AND JITTER ) AND STROBE$6) AND AGILENT)) NOT 
((((((SAMPLERS OR (SAMPLING ADJ CIRCUITS) OR ((FIRST OR 
SECOND) ADJ (SAMPLER OR (SAMPLING ADJ CIRCUIT)))) ) AND 
JITTER ) AND STROBE$6) NOT (((((SAMPLERS OR (SAMPLING ADJ 
CIRCUITS) OR ((FIRST OR SECOND) ADJ (SAMPLER OR (SAMPLING 
ADJ CIRCUIT)))) ) AND JITTER ) AND STROBE$6) AND AGILENT)) AND 
DELAY$6) 


USPAT; 
US-PGPUB; 
EPO; JPO; 
DERWENT; 
IBMJTDB 


2004/03/ 1 7 


1 3:49 


7 


274 


((SAMPLERS OR (SAMPLING ADJ CIRCUITS) OR ((FIRST OR SECOND) 
ADJ (SAMPLER OR (SAMPLING ADJ CIRCUIT)))) ) AND STROBE$6 


USPAT; 
US-PGPUB; 
EPO; JPO; 
DERWENT; 
IBMJTDB 


2004/03/ 1 7 


1 3:55 


6 


1 3 


(((SAMPLERS OR (SAMPLING ADJ CIRCUITS) OR ((FIRST OR 
SECOND) ADJ (SAMPLER OR (SAMPLING ADJ CIRCUIT)))) ) AND 
STROBE$6) AND AGILENT 


USPAT; 
US-PGPUB; 
EPO; JPO; 
DERWENT; 
IBMJTDB 


2004/03/ 1 7 


1 3:53 


9 


A 


((((SAMPLERS OR (SAMPLING ADJ CIRCUITS) OR ((FIRST OR 
SECOND) ADJ (SAMPLER OR (SAMPLING ADJ CIRCUIT)))) ) AND 
STROBE$6) AND AGILENT) NOT (((((SAMPLERS OR (SAMPLING ADJ 
CIRCUITS) OR ((FIRST OR SECOND) ADJ (SAMPLER OR (SAMPLING 
ADJ CIRCUIT)))) ) AND JITTER ) AND STROBE$6) AND AGILENT) 


USPAT; 
US-PGPUB; 
EPO; JPO; 
DERWENT; 
IBMJTDB 


2004/03/ 1 7 


1 3:53 


IO 


333 


((SAMPLERS OR (SAMPLING ADJ CIRCUITS) OR ((FIRST OR SECOND) 
ADJ (SAMPLER OR (SAMPLING ADJ CIRCUIT)))) ) AND (STROBE$6 
OR (OPTICAL ADJ PULSE$6)) 


USPAT; 
US-PGPUB; 
EPO; JPO; 
DERWENT; 
IBMJTDB 


2004/03/ 1 7 


1 4:05 


1 1 


272 


(((SAMPLERS OR (SAMPLING ADJ CIRCUITS) OR ((FIRST OR 
SECOND) ADJ (SAMPLER OR (SAMPLING ADJ CIRCUIT)))) ) AND 
(STROBE$6 OR (OPTICAL ADJ PULSE$6))) AND DELAY $6 


USPAT; 
US-PGPUB; 
EPO; JPO; 
DERWENT; 
IBMJTDB 


2004/03/ 1 7 


1 3:56 


1 2 


230 


((((SAMPLERS OR (SAMPLING ADJ CIRCUITS) OR ((FIRST OR 
SECOND) ADJ (SAMPLER OR (SAMPLING ADJ CIRCUIT)))) ) AND 
(STROBE$6 OR (OPTICAL ADJ PULSE$6))) AND DELAY $6) AND 
PULSE$7 


USPAT; 
US-PGPUB; 
EPO; JPO; 
DERWENT; 
IBM TDB 


2004/03/ 1 7 


1 3:56 
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1 3 


56 


((((SAMPLERS OR (SAMPLING ADJ CIRCUITS) OR ((FIRST OR 
SECONO) ADJ (SAMPLER OR (SAMPLING ADJ CIRCUIT)))) ) AND 
(STROBE$6 OR (OPTICAL ADJ PULSE$6))) AND DELAY $6) AND 
JITTER$7 


USPAT; 
US-PGPUB; 
EPO; JPO; 
DERWENT; 
IBMJTDB 


2004/03/ 1 7 


1 4:06 


14 


I3QI 


((SAMPLERS OR (SAMPLING ADJ CIRCUITS) OR ((FIRST OR SECOND) 
ADJ (SAMPLER OR (SAMPLING ADJ CIRCUIT)))) ) AND (STROBE$6 
OR OPTICAL$6 OR PHOTONIC$6) 


USPAT; 
US-PGPUB; 
EPO; JPO; 
DERWENT; 
IBMJTDB 


2004/03/ 1 7 


14:06 


1 5 


1430 


((SAMPLERS OR (SAMPLING ADJ CIRCUITS) OR ((FIRST OR SECOND) 
ADJ (SAMPLER OR (SAMPLING ADJ CIRCUIT)))) ) AND (STROBE$6 
OR OPTlCAL$6 OR PHOTON$8) 


USPAT; 
US-PGPUB; 
EPO; JPO; 
DERWENT; 
IBMJTDB 


2004/03/ 1 7 


1 4: 1 4 


1 6 


1 13 


(((SAMPLERS OR (SAMPLING ADJ CIRCUITS) OR ((FIRST OR 
SECOND) ADJ (SAMPLER OR (SAMPLING ADJ CIRCUIT)))) ) AND 
(STROBE$6 OR OPTICAL$6 OR PHOTON$8» AND JITTER$7 


USPAT; 
US-PGPUB; 
EPO; JPO; 
DERWENT; 
IBMJTDB 


2004/03/ 1 7 


1 4:08 


1 7 


1 2 


((((SAMPLERS OR (SAMPLING ADJ CIRCUITS) OR ((FIRST OR 
SECOND) ADJ (SAMPLER OR (SAMPLING ADJ CIRCUIT)))) ) AND 
(STROBE$6 OR OPTICAL$6 OR PHOTON$8)) AND JITTER$7) AND 
AGILENT 


USPAT; 
US-PGPUB; 
EPO; JPO; 
DERWENT; 
IBMJTDB 


2004/03/ 1 7 


1 4: 1 9 


1 8 


IOI 


((((SAMPLERS OR (SAMPLING ADJ CIRCUITS) OR ((FIRST OR 
SECOND) ADJ (SAMPLER OR (SAMPLING ADJ CIRCUIT)))) ) AND 
(STROBE$6 OR OPTICAL$6 OR PHOTON$8)) AND JITTER$7) NOT 
(((((SAMPLERS OR (SAMPLING ADJ CIRCUITS) OR ((FIRST OR 
SECOND) ADJ (SAMPLER OR (SAMPLING ADJ CIRCUIT)))) ) AND 
(STROBE$6 OR OPTICAL$6 OR PHOTON$8)) AND JITTER$7) AND 
AGILENT) 


USPAT; 
US-PGPUB; 
EPO; JPO; 
DERWENT; 
IBMJTDB 


2004/03/ 1 7 


1 4:08 


1 9 


1 539 


((SAMPLERS OR (SAMPLING ADJ CIRCUITS) OR ((FIRST OR SECOND) 
ADJ (SAMPLER OR (SAMPLING ADJ CIRCUIT)))) ) AND (STROBE$6 
OR OPTICAL$6 OR PHOTON$8 OR LASER$6) 


USPAT; 
US-PGPUB; 
EPO; JPO; 
DERWENT; 
IBMJTDB 


2004/03/ 1 7 


1 5:56 


2 1 


1 044 


(MEASUR$9 OR CALCULAT$9 OR DETERMIN$9) ADJ JITTER 


USPAT; 
US-PGPUB; 
EPO; JPO; 
DERWENT; 
IBMJTDB 


2004/03/ 1 7 


16:09 


23 


292 


CONTROLS 9 ADJ JITTER 


USPAT; 
US-PGPUB; 
EPO; JPO; 
DERWENT; 
IBMJTDB 


2004/03/ 1 7 


14: 1 7 


24 


O 


(((SAMPLERS OR (SAMPLING ADJ CIRCUITS) OR ((FIRST OR 
SECOND) ADJ (SAMPLER OR (SAMPLING ADJ CIRCUIT)))) ) AND 
(STROBE$6 OR OPTICAL$6 OR PHOTON$8 OR LASER$6)) AND 
(CONTROL$9 ADJ JITTER) 


USPAT; 
US-PGPUB; 
EPO; JPO; 
DERWENT; 
IBMJTDB 


2004/03/ 1 7 


1 5:2 1 


22 


9 


(((SAMPLERS OR (SAMPLING ADJ CIRCUITS) OR ((FIRST OR 
SECOND) ADJ (SAMPLER OR (SAMPLING ADJ CIRCUIT)))) ) AND 
(STROBE$6 OR OPTICAL$6 OR PHOTON$8 OR LASER$6)) AND 
{(MEASUR$9 OR CALCULAT$9 OR DETERMIN$9) ADJ JITTER) 


USPAT; 
US-PGPUB; 
EPO; JPO; 
DERWENT; 
IBMJTDB 


2004/03/ 1 7 


14: 1 7 


25 


2 


((((SAMPLERS OR (SAMPLING ADJ CIRCUITS) OR ((FIRST OR 
SECOND) ADJ (SAMPLER OR (SAMPLING ADJ CIRCUIT)))) ) AND 
(STROBE$6 OR OPTICAL$6 OR PHOTON$8 OR LASER$6)) AND 
((MEASUR$9 OR CALCULAT$9 OR DETERMIN$9) ADJ JITTER)) AND 
AGILENT 


USPAT; 
US-PGPUB; 
EPO; JPO; 
DERWENT; 
IBMJTDB 


2004/03/ 1 7 


14: 19 


26 


7 


((((SAMPLERS OR (SAMPLING ADJ CIRCUITS) OR ((FIRST OR 
SECOND) ADJ (SAMPLER OR (SAMPLING ADJ CIRCUIT)))) ) AND 
(STROBE$6 OR OPTICAL$6 OR PHOTON$8 OR LASER$6)) AND 
((MEASUR$9 OR CALCULAT$9 OR DETERMIN$9) ADJ JITTER)) NOT 
(((((SAMPLERS OR (SAMPLING ADJ CIRCUITS) OR ((FIRST OR 
SECOND) ADJ (SAMPLER OR (SAMPLING ADJ CIRCUIT)))) ) AND 
(STROBE$6 OR OPTICAL$6 OR PHOTON$8 OR LASER$6)) AND 
((MEASUR$9 OR CALCULAT$9 OR DETERMIN$9) ADJ JITTER)) AND 
AGILENT) 


USPAT; 
US-PGPUB; 
EPO; JPO; 
DERWENT; 
IBM TDB 


2004/03/ 1 7 


14:29 
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28 


IOI 


{(((SAMPLERS OR (SAMPLING ADJ CIRCUITS) OR ((FIRST OR 
SECOND) ADJ (SAMPLER OR (SAMPLING ADJ CIRCUIT)))) ) AND 
(STROBE$6 OR OPTlCAL$6 OR PHOTON$8 OR LASER$6)) AND 
JITTER) NOT ((((SAMPLERS OR (SAMPLING ADJ CIRCUITS) OR 
((FIRST OR SECOND) ADJ (SAMPLER OR (SAMPLING ADJ CIRCUIT)))) 
) AND (STROBE$6 OR OPTICAL$6 OR PHOTON$8 OR LASER$6)) 
AND ((MEASUR$9 OR CALCULAT$9 OR DETERMIN$9) ADJ JITTER)) 


USPAT; 
US-PGPUB; 
EPO; JPO; 
DERWENT; 
IBMJTDB 


2004/03/ 1 7 


1 5:2 1 


29 


IO 


(((((SAMPLERS OR (SAMPLING ADJ CIRCUITS) OR ((FIRST OR 
SECOND) ADJ (SAMPLER OR (SAMPLING ADJ CIRCUIT)))) ) AND 
(STROBE$6 OR OPTlCAL$6 OR PHOTON$8 OR LASER$6)) AND 
JITTER) NOT ((((SAMPLERS OR (SAMPLING ADJ CIRCUITS) OR 
((FIRST OR SECOND) ADJ (SAMPLER OR (SAMPLING ADJ CIRCUIT)))) 
) AND (STROBE$6 OR OPTlCAL$6 OR PHOTON$8 OR LASER$6)) 
AND ((MEASUR$9 OR CALCULAT$9 OR DETERMIN$9) ADJ 
JITTER))) NOT (((((SAMPLERS OR (SAMPLING ADJ CIRCUITS) OR 
((FIRST OR SECOND) ADJ (SAMPLER OR (SAMPLING ADJ CIRCUIT)))) 
) AND (STROBE$6 OR OPTlCAL$6 OR PHOTON$8)) AND 
JITTER$7) NOT (((((SAMPLERS OR (SAMPLING ADJ CIRCUITS) OR 
((FIRST OR SECOND) ADJ (SAMPLER OR (SAMPLING ADJ CIRCUIT)))) 
) AND (STROBE$6 OR OPTICAL$6 OR PHOTON$8)) AND 
JITTER$7) AND AGILENT)) 


USPAT; 
US-PGPUB; 
EPO; JPO; 
DERWENT; 
IBMJTDB ! 


2004/03/ 1 7 


1 5:2 1 


27 


1 IO 


(((SAMPLERS OR (SAMPLING ADJ CIRCUITS) OR ((FIRST OR 
SECOND) ADJ (SAMPLER OR (SAMPLING ADJ CIRCUIT)))) ) AND 
(STROBE$6 OR OPTICAL$6 OR PHOTON$8 OR LASER$6)) AND 
JITTER 


USPAT; 
US-PGPUB; 
EPO; JPO; 
DERWENT; 
IBMJTDB 


2004/03/ 1 7 


1 5:26 


30 


7 


(ASSESS$9) ADJ JITTER 


USPAT; 
US-PGPUB; 
EPO; JPO; 
DERWENT; 
IBMJTDB 


2004/03/ 1 7 


1 5:40 


31 


1048 


(((MEASUR$9 OR CALCULAT$9 OR DETER Ml N$ 9) ADJ JITTER) OR 
((ASSESS$9) ADJ JITTER)) 


USPAT; 
US-PGPUB; 
EPO; JPO; 
DERWENT; 
IBMJTDB 


2004/03/ 1 7 


1 5:51 


32 


43 


((((MEASUR$9 OR CALCULAT$9 OR DETERMIN$9) ADJ JITTER) OR 
((ASSESS$9) ADJ JITTER)) ) AND STROBE$8 


USPAT; 
US-PGPUB; 
EPO; JPO; 
DERWENT; 
IBMJTDB 


2004/03/ 1 7 


1 5:52 


33 


IOI 


((((MEASUR$9 OR CALCULAT$9 OR DETERMIN$9) ADJ JITTER) OR 
((ASSESS$9) ADJ JITTER)) ) AND (STROBE$6 OR ((OPTICAL$6 OR 
PHOTON$8 OR LASER$6) ADJ PULSE$7)) 


USPAT; 
US-PGPUB; 
EPO; JPO; 
DERWENT; 
IBMJTDB 


2004/03/ 1 7 


1 6:06 


34 


IOI 


((((MEASUR$9 OR CALCULAT$9 OR DETERMIN$9) ADJ JITTER) OR 
((ASSESS$9) ADJ JITTER)) ) AND (STROBE$6 OR ((OPTICAL$6 OR 
PHOTON$8 OR LASER$6) ADJ PULSE$7)) 


USPAT; 
US-PGPUB; 
EPO; JPO; 
DERWENT; 
IBMJTDB 


2004/03/ 1 7 


1 6:08 


35 


523 


(STROB£$e WITH ((GENERAT$8 OR TRIGGER$8) ADJ PULSE$7)) 


USPAT; 
US-PGPUB; 
EPO; JPO; 
DERWENT; 
IBMJTDB 


2004/03/ 1 7 


1 6:09 


36 


1 3 


((STROBE$6 WITH ((GENERAT$8 OR TRIGGER$8) ADJ PULSE$7)) 
) AND JITTER 


USPAT; 
US-PGPUB; 
EPO; JPO; 
DERWENT; 
IBMJTDB 


2004/03/ 1 7 


1 6:22 


37 


2 


«STROBE$6 WITH ((GENERAT$8 OR TRIGGER$8) ADJ PULSE$7)) 
) AND ((((MEASUR$9 OR CALCULAT$9 OR DETERMIN$9) ADJ 
JITTER) OR ((ASSESS$9) ADJ JITTER)) ) 


USPAT; 
US-PGPUB; 
EPO; JPO; 
DERWENT; 
IBM TDB 


2004/03/ 1 7 


1 6:22 
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ABSTRACT: 

PROBLEM TO BE SOLVED: To accurately measure a delay in propagation, 

SETUP 

TIME, AND RETENTION TIME OF AN ELECTRONIC CIRCUIT ELEMENT SUCH AS IC WITH AN 
AUTOMATIC INSPECTION APPARATUS. 

SOLUTION: This apparatus includes a strobe source I O connected to the 

CONTROL TERMINAL OF A PATTERN SOURCE I AND TO THE INPUT TERMINAL OF A VARIABLE 
CLOCK SIGNAL DELAYING MEANS I 2. THE STROBE SOURCE I O TRIGGERS THE PATTERN 
SOURCE SO THAT SIGNALS CONSISTING OF A SERIES OF LOGIC 'O' AND ' I ' ARE OUTPUT 
TO THE INPUT TERMINAL OF A DEVICE (DUT) A TO BE TESTED. THE DUT 4 PROPAGATES 
THIS LOGIC SERIES TO A FLIP-FLOP 6. THE. SIGNALS WHICH HAVE PROPAGATED THE 
FIRST AND SECOND FLIP-FLOPS 6 AND 8 AF?E CORRECTED AFTER DEUOT. BY MATCHING 
CLOCK SIGNAL ENDS TO THE FLIP-FLOPS WITH DATA SIGNAL ENDS, THE DELAY TIME OF 
THE DUT IS CALCULATED. 
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iaS*S»S**iSSi:. IB*«2 5iEtt<OS3ae*» 

[»«»SMBri8i!H] 
[000 1 J 

SSS^etSiiS, -fey KT^TI^fcitf&gB^fc 
[0002] 

10 [«w*«»ifcL J: 3 t-rsais] &fro«?ga*iJ:tf 
^;^^T-Afcu(ti.^aotifeai t£SH-z-oo« 

[0003] ^tt*«@8& ( I C ) *tf«Heat5 Jtf 

20 ( p s ) *{5T«i€ LKmm.smim&*tiMmx' 
mmmitwzhnx'fohw&te. zco&mzmtxfe 

30 jgS1-| l Ji^{i2^c7)ftc7)^*mSri:^^-C«§it 

x'h%, 

[00043 n&mn? a 5 yyw&<miggg.t 1 

a « crmm^ i . ^^a^^sfc «t ^ssjgosj 
40 mm. m$(r>m<?)mwizi?tmmtmzffi& 
ucm^zwfcthzmtfm^tLZ . ; a & J: 

s«*i42*t t& i 1 1 -c* s . m%<Dmmm±m. 



03/17/2004, EAST Version: 1.4.1 



(4) 
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feit*. 

[0005] 1iffl«3Wtl6*^oX3-7'«»Ktt 1/ 

2fts i ea#-e** . «t o mwm^mtsmm^ft 

fcoTH*. 10 
[0006] 

[Witl!Hfc-r4fciW>#R3 iOWHfcJ:*i:. >-7 

iMiiaiHk maiHissEis^fwm^iiiK^ 

K-fcifi^RSSE^itlW-SiKtim^*. dcog 

r 0 j fcitf r i j cofcHi^jS&d^fcWfc^W* 
(DUT) »A**Ftffl*3*4. DUTIi£*)lMI 
ro j t3XV r 1 j flfcflfc 7 'J-y 7*7 0? T (ifcU 20 

tg»t4. mi^7';-y7-7D 
7 7& DUTA>*> COd f-S-e COsjS 1 CO 7 y 7 77 O 7 7* 

?Q7 a®* st? ov? sn**r 1 t 

$ 2 CO 7 'J 7 7" 7 U 7 7' ( * tdittl ) 
. «2 C07 >; 777 P -yTtim 1 C07 'J 77 
7 o 7 7*» fe coft-^Sr ? n -y 9 ft#«ft (cit?^ UT £tt 

-rs. 

[00 07] DUTCOeaBIScOJtKCO^Cs 
yWlKW r 0 j fcitf r 1 j *>Rt#*!l£#DUTfc 
ttttt*. ?D7;«*li:*lW7'j777Dy7i 30 

% 1 CO 7 'J 7 7"7 D 7 7'* { ^ o 7 tia^mtT- 9 m 
S<t3ttl>. .1 CO? 4 5 y gCf±7 U 7 7*7 O 7 7' 

Ba«iBtcr4. »2<o7y 77-7077^107 y » 

7*7 a 7 7C0tt 71 ft^£Sfg LXm 1 CO 7 'J 7 7*7 D 7 
7co* ^SS«®lr*§7$-tl» . 

[0008] mico7';777D7r*^D7^ft-t!ffi 40 

y77 D 77C0Hi7J(i^±, -eCO^ 1 C07 U 777 D 7 

rco^ 7 hr'y7*B«a4fcJi*-;i'Hi«*ra*«ii«sft.* 

1 C07 U 7 7 7 o 7 7C0iE^f5«jlST' 
5p5KJglc«rfc ftfl ro j fc r i j tola? 

aat as^«#«r wrtii bic-*-* la zm&th wmt so 
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^*®«k nmfftS. . 7 'J 7 77 n 7 7cOifJ*«#co^ 

^(cg-r*ji^cofEj(sasiiLhcoB*ra$'-§-tittf l ico^ 

lHttfi««<r*4. ?O7?ft#a§£8^WlcSiSlC0 
7 y 7 77 o 7 7{C[6j(tT ttftfclhM- £ t J: o T . 

m 2 co 7 y 7 77 d 7 7coie» l Jtm 1 co 7 y 7 77 d 

7 7coaj7J«^*>c>«tf*ff$ (T-^fi-f«Sr*t;) £ 
. LfctfoT, 3S2C07 'J y77D y7*<^ 1 

C07 y 777D 7 7coi^5ttWf^ahcoM«Wfia (BE 
C0j)i:mic07y 7 77O7 7C0Uj7]fi^^ 

6. 

[0009] -ocoHSSMT'fi, n 7 7 JiSfi^ 
•e^lC07y 777a7 7fcJ:^SS2C07y 77707 

70 7 TWMil&lto&Mtz? a 7 ^m-t^jg LJSM- 
o^C0SS$-^2C07'J 777077*^^.5. l^a 
7 ^JBJB^jBWif - :? fiascos CWjStt^fcAW 
Mv^^^co^lc^S^SASSS-^i^. PICA 

Tjfe xr/n tm&moTx-D u Tco/c^coBt^«$r 

cod UTOgMBBfcVfbhf** J: 0 

ixc>a]£l£it«t5. U^t, Cco^B^cogSfc 
JttfrifeliS^fciWr l> DU TcofSffiiiSS: iSffiST'lt 

[00 10] ,IC0^BBtJ:5tDUT<0-b7hr 
»7l«BtJ J: H«ffl<0it«a®iS:»tt"C* * . 

— 7C0H!£MT<i , TOE 7 o -y ^ MM # S* 5 ? o 7 ? 
^•SrDUTtCtt^-fl.. DUTC0-fe7 h777B$igfcJ: 
yf*-^ K ««BItttlM-*fc»t , a'? - Cjffea 

roj tsXV r lj cola] t^iJ£#DUT(ctt^S. 
BJX^Dy^jlSE^Sfi, DUT^D7?M3Sfcf 
-^«^« ("ffirfc^, DUTA7JC0— ^tt«PRJB*» 

fete -ocona^re^cos^ ) fc sr< mmmzgm 

i 0 tC^ o 7 ^fI^«g5r#D UTt|*J»Tl»tttCil*>i- 
COtffl^feitS. S1C07U y77D77tiDUTA>fe 
coai^coEfitfflV^fenS. 
[00 11] DUWn7^j|*Kf-^tt*IIJ: 
tJ»HftK55ft6t» DUTco*7hT77^fcJ:Uf 
*^K»IB>Wi«S*i5:*»-jn:«^fc:DUT^8aiiE 
TJiftPF^IIIc** (-T=5r^^, i^S r 0 j t r 1 j 

tC0ff-C£f!rf&) . DUTC0^7hT77B*Sli. ^ 
□ 7? ft^SsC0i»£#<T - 9 ft^ffi i 9 

2? D7 9m^<mmwtir-9m i &s. o *>+ 

^CfTriSrv^Ji^+^T'ftft. Lttfot, 707 
7flW»fc T-^fl-fSg t COKHRHBIHS^O U TtiJTJfl^ 

&i-WFij&iz-t?>am<%z«%smm imam) 

it. mic07y777O77lcJ:SDUTai7jffiWi 
B#C0f5*fia®T-C0D UTCO-b 7 h 7 77^0*5 
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bizx->x. ®iim8&T<?)&DVT<?)®imm&. 

SS1<97 >J 7/70"/ 7V)tS$ Lfc D U T&m^frt* 
[ 0 0 1 2 ] — OCO&SWCte, DUTk*l<07'j7 

ixtc j: -p-cm i «07 •/ r 7 o «/ 7V>d u Ttatitmi 

&DUTW17 hT 7 r^lSfci: KB* 
m* 1 ?ny^^W«0fil»jigTfl:«-t6. DUT^ag 
l*iI$£T £ CO(E«m&-C£-f 1.^7 n 7 735£ct) 
6 1 . t'^DUTO-fe? b7 y 7TWM3 

[00 13] 

1 (ifl^fflfc <£ 0 h 'J #$*ll> D 7 D -y 7*7 o -y 74) A 
7J«a^2 2fc«KLfc{ij7I«2 0S:»i6. ^7->-# 
WSM 1 tefl^S b 'J/*/£g(tl> t> 0-OOD7 U v7 

7 O 7 T 3 O A* ^ 2 6 U^tt 71 $ 2 4 £ 

-'^-VSHBIilHi. atft-TAW* (DU 
T ) 4 Zim?Zt:»h<0ffim r 0 j fcitf r i j 

-ySHItiE l (itf- h 8 4 girCffiffl^nyt^-* 

ii> MUfUW noisfl'SchaumburgJft£<9Motorol att^Mo 
torola MC10H145S! 1 6 X 4 t'-y h |yyA?7 7-iM' 
7 , J-y7 , 7n-y7*2i5J:y3{^ frUtfMoto 
rolaMC10EL5^Hi*r- 9 9 O -y 7 D 7 'J -y 7*7 o y 7' 
Tflf(£-tl>. D UT4 k LT(i, mfflEIK. rUVMK 

ietMs sues®®, 3*77, mjiaajMsn*^*^ 

9, SSI OOcoMI&WJWfflfc. dffl^yti-? 
<7)ftb 0 fcV'f 7 oro-fc «y -t^^fiv^ 7 on y 1- n 

[00 14] 7U 7r70772«DUT4 (SCI 0 

8 7'J 7T7Oy7 , 3ttDUT4<0A*Mff 
3 4t««Lfctfi^*3 2Sr<lli4. -o^HlfifflT 

(4, 7'J 77*70 77*2<±DUT4^<0A^ (t-7) 
fI#£$teU 7'J yT70 77 , 3tiDUT4>\07a 

7-7 hm<omnmifmms:mtx$mi o ot 
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[0015] ^-y^K&si <r>mj]B2 oaxx/2 

£olZ7V 777D772fci^3^lUJ. d^X<!>7 
U7T7o y7'2*>J:tf3 , i > /^-y»8l«B 1 kH 

t< 07 9m^z%vhcDx\ w-vwmm 1 

<0fl»* 1 7 d y 7M]»ISISS£f=HT D UT 4 KfiftS 
10 it 4. 

[00 16] DUT4iifi^b'J^gtt&D7'J7 
7*7 o 7 7' 6 OATJSii 1 3 8 iCtSS? Lfctitfjll 3 6 
i h . 7 'J 7 7*7 a y r 6 tt A^tH h U XT Sr »t 4 D 7 
U 7 7*7 077*8^71^4 6fcJ:tXv^7*U?1f 

(Mux) 50A71^7 1 5 3(C^U^ai71ll4 4 5rii 
711 77 , 70 7r8 , iMux5WA7J*? : fc«M 

^Jg^5 0^g?Uctii7]IS , 5 7 2r^&„ Mux5li 
Wffl&t*> 2*m,X-3W3.-9 1 6T»J»t*. ffi 
20 tE^< t 9 fi/ ^ - y wmms l fc P) t8BS<o h <r>x*m 

f$?&. 7 0 77'7077'6*>J:lX8<i7U 77*7D7 
7 2 fe «t t/ 3 t IS] 1 1 c0T'«^-r 4 . 
[00 17] 9u«/9mU (Xhn-7M) 1 0ti7 
o»/?7r^77M 1^07^«i t 5 8i > J:lPiI^ 
?n 7 7IMfl 2<*)^n-y^SiT-6 6tfl»Lfcaj 
7llS5 6^{i^l>„ :?ay? 1 OU'taffltfOnytfi-^ 

7ry77h 1 1(±, fiR]i{fCaliforniajt|San DiegoEff 
30 ft^Edge Semiconductor tti?WEdgeE118S7 Ov?7r 
y7-7hT«^4. 

[0018] M2m&?vv9mmmi 2com!&z 

U^ag^astf 2 0 6 TS^tlS-&Lfcllr»*ffi|lJgi6 
fi2 0 8fcWOWtif:fct>fc:flll-S^«»«:*JS«2 1 
OKIR , 3ftit/'cZoOiirPS0iJttSmiM*il5£ll2 0 
2fcJ:t>'2 0 4^ii^l> ( ; com&kfotf hnytf-y 

New Jersey#|Li v i ngstonJ9ft£<7)Mi crof ab/FXRaS^OST-0 

40 vsmmmmx-ffifttx' # h . E^«fiMS»^ 2 0 s u . 
Msmart:<b 1 0 . 0 2iMOTA--*§Hfflf»ffi-eiro 

««4MW6t^< <> 1 2 7xAh8>tL-0%|,. 
[00 19] ;o-y?7ry77M l(i/N°7-y^S 
US 1 03? o 7 4 1 7 U y7*7 o 7 7*2c0i? o 

7 7Jg^6 6 b iZffifa Ltz 7 o 7 7 #71116 2 5rWt 

rtfctt r l j £7y77-7a>y7*2(;:aj7rfa. 7o-y 
7®^M{i;7 d 7 7 7 r ^T-7 Hit HSO^aT- 
50 *|>70.y77ryr*7M 3<07O77«f8^70^« 
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Ohl vT7n>y73cr>7Uv rift?! 4 , 7 

=f-l 5C0?O7?^8 2:fcitAlux7C0A7JSiB L 7 
6£8^Uc?D7?*7*IS7 2$:*-$-|>. ?D7?a 
5'47l/ 7r7D 7 78iO?D7^86fc 
4r/®5ga$£S^ 1 3 4 COATW 1 3 2 Ufc 7 
o^iMjM^fclTtS. 05^31*^1 3 4(4 Mu 
x7^AA*IIHPtei«*L.fcffl**13 6fc1W*. Q£ 
Mg^fiiyUtfi&O. 5^y» UJUtfftS 3 4 y 
f - ) c07*y f h«3WWRft^fll«S<t* . M u x 7 ttftj 
«W^7.7«ltT3yta-^9 0*»fe«ll**»t 

[00 20] H3AliOT?n y ?SE*?l 5- It 
a? 5cofifi££^-f . ^o-y^MS 

SR^l 5-1-Clis WP8 2*ai^«8 4tlfflS^-*. 
?0??SBB*T1 5-ltt, 7'j7r70776H 
7 'J 7 7'7n -y 7 8 izimt ZM^Z? 11 V 
ffl — iftOMUi-^Z. I. COtC D 7 U 77*7D 7 rc0*# 

*«ffl-*-4. 7 n 7*38*? 1 5-1 S:fll^**&tt 
7 'J 7 77o 7 7* 6&£lf8 £|3] 1 ?D y ?«^T"? a 
•v?-f&. Itztf^X. 7'J777B7 76A<7'J77 

7D778 izm^- $■ aiTj-t s *§gt* . 7 y 7 7-7 o 7 7 

8ti<JW>? o -y ? n 7 ? ^tlhtX'^<r>{%Wm 

[00 2 1 ] 03 BliOT^O^fflEJIPPl 5-2 1 
Vf a y ^SS 1 5 CO t 7 -o<^fll«W*^t. 9 o 
7?IMfl 5-2J4t&l 0 6eth"C« : F8 2fc«« 
UeA**Pl 0 4**t4ANDy-h 1 02^* 
tf. ANDf-M0 2(i7D/7V7'^')^l 1 
2«ai**fciHSlLfcA*ffi : F108*ffliS. X?*7y 
9 1 1 2t4H 1 0 6giT'ffl^8 2 feKWUfcA**F 
1 1 8\,z<%:Wh7r3 v?JVVX<m&**7y\-^-h. 3d 

vy? i i 2ti. ^Aiftjesn^^yncatst. 
« 1 1 0 toStt ttJBcofS-f ta^-t 4 . and y- M 

t>m4fc-mtmcDmz8ijjth. *wi 12 

J4, Ax l l 4M&Ttf?— b 9 5fc«« UfciK- h 1 1 
6 £)i fC 3 yt jl-^ 1 6 tcj: 9_kKJ5fJg05«tC-fe 7 

i eji^^y^ i i 2co 

I). tf^y* 1 1 2 ttPUtf Motorola MC10E016£!8t' 
•y h Ml 2 JIT -y 77? -7 > * TflllR-C* & . 
[00 22] nyti-^l 6USC1 0 0cDi)ft*$J 
Wi, aye*-* l 611, MUX70M1WF77 
(CffiR UtSl}** 94b ^ Mu x 5 COWfflBgT*- 5 2 fcS 
«EUftffl**96i:» ?07^1gSfl 5C0tf-r-9 
5(cJg«Wy<X9 9fc* ;o7?ll 0tf>«*WiHf8 
8(c««UWHW»9 7fc. ;t*-y#8BaU Osie- 
rs £&f* LfcAx 9 8 £ tcgflE Lfc SWlffi 9 4 fc* 
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1 0 

•tb, ttz. ayta-^i 6<4ffii£^y 9coiei§L 

fc!B*»»*«tt* 4 3 1^1 * U 9 WAX 9 2 fc« 
W. UzX- V 9 0 $H»U l> . -ocolf «09T'(i s 3 yb* 

1 6tiAaj7)^siJffl)fflcoAai^«^wy*7.^^- 

KSrfltt*. A*7Jft-f Ui^X^^-KJi, WitfTexa 
s;WAustinj5fa£C0National ]nstrumentttSliPCI-660lS^ 

[ 0 0 2 3 ] 7 K 7 77 O 7 7C0;< ?£gft?i.*4#3^ 

10 TW(TD) =TP*10- (At/r) 

a® (TD-TP) T(i7'J-yr7O-y7C0^ 
HfflB^jR-C* 6 . 04 147 U -y 77 a y 7^ 

xn&f&com®t \,xmhiz?5 7x-hi . w*«wt 

W(±M^31ETDT'7 tj v77D -yrcoffi^m^^M 
^TI6 ( r 0j fc r i j kcoHTSaW-i) fc£&?D 
vfTJytii&T 0 l^r-^A7J^c0ffifflf 
20 *&. S*ii®TDT-(±7y y77n77« 

mm ^z7-?mmmwT\m<7)? □ -y ^ A7j»* 

[0 0 24] 7 V <y77Uv7V>ZlXt><7)¥fWlZ . DU 
T 4 C0t- ^ tiiTJ ^WJE07 'J 7 7'7 n 7 7* 6 C0f- 
(r-^fl^SS) <0»jet=fflV^. SSI 0 
OOtttW* D UT^TtClS] tATJft^?: JP^. 

h. 7>J 7r7Q776t4. SSM2 0 2tj«tt^2 04 
Sr^»$^S^tleiv^^D.y^aa*^l 2T'4 
30 fcfcSEe ATM« t fc^ o 7 ^ fi^-ATJ (^n y^fl 
¥4g) B#^C0^HT'#DUTcoai7)«^2rffi^ 
■t&. #^O7^A7JB#*C07 i ; 7 7*7 0 7 7*660*73 

1514, 7'J 7T70 77-6C0tii73fl- , f^®^aMTD 

xm&* * y 9 te» s *s J: a (ce^sst d t-7 »j 

7 7 7 o 7 7*8 1 ? o 7 7 (l# S- iSS . MSi^ ^ y 9 (4 
7U 7T70 7r8coai7Jfi#S-fa»L, nyt^-^ 

1 6i4aytra-^^*y g^E^-^SrR^aj-r. 

40 WTTC0B§^^ N t%b*>7V 777D 7 76A^f 

[0025] ^D7^aS#i 1 l 5-2«-fflv^«^ 
(4, 7'J 77*70778fc4t/filg^*';9t4, 7*d^ 

7^-TI). ?0 7?IIffl 5-2tfflV^St. 7'j 
777 o 7 T8 tC(4tb7]fI# 1 ffl« , ta*£»3*l6<0T 

50 ^*y«n»t^i. 
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1 1 

[ 0 0 2 6 ] 7 'J 7T7a77*8^<0E*3lMTD(iT 
TD2(CtiJn§-£l>£. I«*«J$»4TW 1 *>£>TW2fc 

dkfc-c&i. L^U T-?fi#Sg#A¥&{4, 7D7 
7 A^^IBS^^j»lg (?n» 7^*#»& ) i 0 
<$rS>$rnJ: o fet* . f ; -7{f-&!-ffi#&?^7 10 

r-fXD&f&ztmti z t izx o-e**-e& h . ± 

[00 27] H5tiDUT4A.c0A^Jft-f. DUT4C0 
ft Jlfl-f ( 7 'J » 77D776 ^OATJ^ ) , 7 'J 7 
77a -yr6^coa^^^n 7 7ft" 5 l-fc ±IA'7 >J 7 7*7 
D 7 7 8 cOtfffi L Jfc 7 'J 7 7 7 O 7 7* 6 (OftJlti^?) 7 20 
-IS^M. ^*TltJJ:li f T2(:iJ^ii 1 7 
Dv?Ifffil 2 0fcJ:T/l 2 2J4, 7'J 77*7077 
7 hT77^PtSfcJ:U c *-;l/h'^ra5r!S^ L7 'J 
77*7n-y76C0aj7jfl-t*Wg®TD (?D7?1 
fflXH) fcfctt&7 'J 7T70 7T8 hfflm\zi&\z 
Ifea r 1 j fcfr* j; a tcr-^ft^-Sl 3 0 J; 7 t-HJ- 

^ig 1 2 4 fir- 7fl^ 1 3 0 1 {iffR^iia L . 
7 U 7 77 D 7 7 6 <?><: 7 h T 7 7*Btf§ i Jt t4*-/k H 
t$Wlffi£;ft.&t\ iOi'StC 7>J 77*7077*6 30 

<n&^m\mmm:v\,zmh 7 y 7770 77-8 

te£&mffl*ilz r 1 j k r 0 j fcolSTC'SSIrt* (05 

ttJV^T7y 7 7 > 7D7r6«0ffi^)(C r ?J T'fc^) . 
B&SET 10*5 JtfTl lfcfcWttt, 7077ft-fffll 
26fc<fctf l 28{iT-^fi-fSi 30 «k "3 t-HJ-Sh. 

T7'J 7T7D776t:|i]IL, 7'J 7T70>y7"60 

-b 7 h r 7 7^fatj j: ytt-/u h B^r^^r mt: 1 % 7 y 7 

770 vTtOSWjUffifiiSETD 2 tfc»t*7 'J 7 7*7 

[00 28] 06{i. DUT4H-PV^3l3i2*>^gffi 40 
1 0<Og*SMTD-ca»Lfcltfl r 1 J WW^itt L 

t 7»j 77-707 7-6 ^^m^y^yk^t, -o 

<7)$fiWI4, 7'J y7*70 7T6<0tiJ^fi-t*^< 

i t 1 o o . a® 2T(±, 7 y 777 o 77 

(4, 7'j7 77D7 760ttSJ7<|-fii r l J fc r 0j t<9 

ft^*T*0. r 1 j oH#Jti±®$£3*^a$i6 
Klfi|*»oT«*-f*. SSI 0t147'J 777o 77*6 

n&-hm^\t-m r 0 j fc<r6. i<oi 3 ic, 4*Sr< t 

tSS2tS®l OtiOia-CBSffiiTDtfiV^TrWIc 50 
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«*WMM#5£S;llS. ifcifUi, DUT4<Dr-7 

J:^T{4TW(4'h£V^|^igT&9f#|,, Motorola M 
C10EL52SJD7'J 777O77T'rSr200ps. TP£ 
365ps, At (TD-TP) * 2. 5nsftS k» Bg 
SWR«J4i5-f6»(Ctt8 7 x A b8>K9* & . 
[0029] — P<0D UTt-OVi-COgffiSSSr"^:^ 
n-y7Bg*?l 2 (0li«Si2**J:l«fIgl 0 ) 

zo<osst^<oisi'r'es#^ta t , t o -hod u 
t Sr r c-fe 7 h r 7 r resist lt "sis ^ o 7 9 mm? 
1 2o«i6s^s*t Lwmimnmft&tfX'Z 

h . S 1 U T^SHU&MII 20JBii6£± v bffi 
V^(4. fl«DUTC0(Sffi|]SiI2»DUTOf 
fLiOtJS^. ;«J:o(cLTDUTffi5:ilWffi»evfE 

[0030] m7ii$m%DVTcDimmmzitm-& 

*ffil40*^. J@Sl4 2ttJ^-C3yta-^l 

ay<oaei4 4fc:t}v^T, ayti-^i 6f4Br^ 
^-/yhJ^P'^IgSfl 5-2KHS7 h-rs. ii 
Sl46KfcV>T. 3yta-?16liMux5^7 
h LT7 'J 77*70 7 7-8<oaj*«5 5 5rjf U 9 
«0^5 0tft^-tS. 3SS1 4 8fc*}Wt, ayto. 
-^1 6{4Mux7Sr^7h-tTll©i®^ J f 1 34W 
IS 1 3 6 S Mffi^^E 'J 9 c7)ffi^8 o tsas-r 4 . $S 1 

*^i 2(Dm&Z'<--*mffi®mn^mmmzi:*)& 

[003 1 ] 5^1 5 2tfcV>T, 3ytW16« 
±EU«tOflWt»«- fc ^ o 7 7 ft 7 o 7 7 Jl 1 0 *» 
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(57) ABSTRACT 

A method of determining jitter is provided by providing a 
sample, performing an unwrap of the data and then perform- 
ing a Fast Fourier Transform (FFT) of the data. The funda- 
mental is filtered out and an inverst FFT is determined. The 
sparkle code is taken out and the phase is adjusted to a 
known phase. The noise difference at both the high and low 
rtates by angles is determined. The jitter by angle is calcu- 
lated using the high slew variance and low slew variance. 
The average jitter is then calculated. 
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[57] 



ABSTRACT 



A high speed sampling demultiplexer based on a plurality of 
sampler banks, each bank comprising a sample transmission 
line for transmitting an input signal, a strobe transmission 
line for transmitting a strobe signal, and a plurality of 
sampling gates at respective positions along the sample 
transmission line for sampling the input signal in response to 
the strobe signal. Strobe control circuitry is coupled to the 
plurality of banks, and supplies a sequence of bank strobe 
signals to the strobe transmission lines in each of the 
plurality of banks, and includes circuits for controlling the 
timing of the bank strobe signals among the banks of 
samplers. Input circuitry is included for supplying the input 
signal to be sampled to the plurality of sample transmission 
lines in the respective banks. The strobe control circuitry can 
repetitively strobe the plurality of banks of samplers such 
that the banks of samplers are cycled to create a long sample 
length. Second tier demultiplexing circuitry is coupled to 
each of the samplers in the plurality of banks. The second 
tier demultiplexing circuitry senses the sample taken by the 
corresponding sampler each time the bank in which the 
sampler is found is strobed. A plurality of such samples can 
be stored by the second tier demultiplexing circuitry for later 
processing. Repetitive sampling with the high speed tran- 
sient sampler induces an effect known as "strobe kickout". 
The sample transmission lines include structures which 
reduce strobe kickout to acceptable levels, generally 60 dB 
below the signal, by absorbing the kickout pulses before the 
next sampling repetition. 
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(57) ABSTRACT 

A phase stable clock circuit includes a phase gate having 
track-and-hold (T/H) circuits with each T/H circuit receiving 
a phase shifted continuous sinusoidal signal of predeter- 
mined phase and a control input signal to capture and hold 
phase samples of the sinusoidal signals. In alternative 
embodiments, a phase correction circuit provides phase 
correction values that are added to the held phase values to 
generate corrected phase values and time -error phase lookup 
table is used to generate time position correction values. The 
corrected phase values are applied to the phase gate remove 
deterministic phase errors to generate an output signal with 
a predetermined startup phase relative to the control input 
signal transition. The phase error-to-time lookup table 
adjusts the time placement of waveform record samples after 
the acquisition of the samples. An optional infinite track- 
and-hold circuit may be used to generate corrected replica 
phase values that replace the corrected phase values for 
longer sample delay periods. 
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(57) ABSTRACT 

A phase stable clock circuit includes a phase gate having 
track-and-hold (T/H) circuits with each T/H circuit receiving 
a phase shifted continuous sinusoidal signal of predeter- 
mined phase and a control input signal to hold, at a selected 
time during the signal epoch of the respective sinusoidal 
signals, phase values of the sinusoidal signals. The respec- 
tive phase values are coupled to an infinite track-and-hold 
circuit to generate replicas of the phase values. The phase 
values and the replica phase values are coupled to respective 
multiplexers that selectively couple the phase values to 
multipliers during a first time period and replica phase 
values during a second time period. The output of each 
multiplexer is coupled to a multiplier that receives one of the 
phase shifted continuous sinusoidal signals. The output of 
the multipliers are summed in a summing circuit to generate 
an output signal with a predetermined stable startup phase 
relative to the transition. The use of the infinite track-and- 
hold improves the long-term stability of the output signal 
from the summing circuit. 
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A low component count, high speed sample gate, and 
digitizer architecture using the sample gates is based on use 
of a signal transmission line, a strobe transmission line and 
a plurality of sample gates connected to the sample trans- 
mission line at a plurality of positions. The sample gates 
include a strobe pickoff structure near the strobe transmis- 
sion line which generates a charge displacement current in 
response to propagation of the strobe signal on the strobe 
transmission line sufficient to trigger the sample gate. The 
sample gate comprises a two-diode sampling bridge and is 
connected to a. meandered signal transmission line at one 
end and to a charge-holding cap at the other. The common 
cathodes are reverse biased. A voltage step is propagated 
down the strobe transmission line. As the step propagates 
past a capacitive pickoff, displacement current i=c(dv/dT)» 
flows into the cathodes, driving the bridge into conduction 
and thereby charging the charge-holding capacitor to a value 
related to the signal. A charge amplifier converts the charge 
on the charge-holding capacitor to an output voltage. The 
sampler is mounted on a printed circuit board, and the 
sample transmission line and strobe transmission line com- 
prise coplanar microstrips formed on a surface of the sub- 
strate. Also, the strobe pickoff structure may comprise a 
planar pad adjacent the strobe transmission line on the 
printed circuit board. 
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(57) 



ABSTRACT 



Methods and apparatuses are provided for determining char- 
acteristics of an input optical signal in an optical network. 
An optical signal monitoring apparatus estimates a mini- 
mum time interval between transitions in the input signal, 
determines a clock signal based on the estimated minimum 
time interval, and performs a time domain measurement on 
the input signal based on the determined clock signal. The 
optical signal monitoring apparatus samples the input signal 
based on the determined clock signal and determines the 
characteristics of the input signal. 
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METHOD AND APPARATUS FOR in a WDM network. Optical domain spectral monitoring is 

AUTOMATED TIME DOMAIN MONITORING typically used to estimate the SNR in optical oetworks. The 

IN OPTICAL NETWORKS signal is spectrally narrow, typically a few GHz. Assuming 

that the noise is slowly varying with wavelength, the optical 

CROSS-REFERENCE TO RELATED 5 noise level is measured at a wavelength slightly away from 

APPLICATIONS the channel's signal, where the ratio of this noise to the 

„ - „ „ , optical signal represents the optical SNR. 

This application claims the benefit of U.S. Provisional , . , 

Application No. 60/085,347, filed May 13, 1998, the con- , Presently, an optical spectrum analyzer or an equivalent 
tents of which are incorporated herein by reference. This in a Hewlett f ackard wavemcter) is used to measure the 

application is also related to U.S. application Ser. No. 10 characteristics of an input optical signal in a WDM network. 

09/199,480 J entiUed"MethodandApparatusforVariableBit Such instruments, however, have a number of disadvan- 

Rate Clock Recovery", filed Nov. 25, 1998, and now U.S. ta S es ' First ' these ^truments are expensive and slow (i.e., 

Pat. No. 6,285,722, Sep. 4, 2001, the contents of which are re ^ re scanQin S across all wavelengths). Second, there are 

incorporated herein by reference. „ weU-known inaccuracies that result from such optical mea- 

r 15 surements. Third, some sources of signal noise are not 

BACKGROUND OF THE INVENTION detectable with these instruments. For example, interfero- 

metric intensity noise is one such source of signal noise, 

The present invention relates generally to optical net- which is not detectable in the optical domain. Fourth, any 

works and, more particularly, to a method and apparatus for induced jitter or wander cannot be detected using these 

automated time domain monitoring in optical networks. 20 instruments. Finally, the required optical SNR for low BER 

Generally, digital transmission systems deliver depends not only on the signal rate but also on the details of 

information, which is encoded as quantized signals, from a the receiver design. 

sender to a receiver. There are several parameters that Optical networks, such as WDM networks, can provide 

characterize the quality of the transmission in these systems. flexible broadband connectivity. A unique feature of WDM 

One such parameter is the "bit error ratio" or BER. BER can 25 nctWDI fc technology is rate and format transparency. For 

be measured at any point in a transmission system, and may example, the bit rate f bu of a signal may range from 25 Mb/s 

be used for fault detection and isolation. t0 10 Gb/s. Furthermore, reconfigurable WDM networks 

There are many effects that contribute to degradation of a perform highly variable route selection, a feature that is 
measured BER. For example, signal attenuation reduces profoundly different from traditional point-to-point net- 
signal amplitude, dispersion alters pulse shape, receiver and 30 works. At the periphery of such networks, any one set of 
amplifier noise increase signal level ambiguity, and jitter users may employ at most a few line rates and formats, 
creates uncertainty in the sampling point and affects other Within the network core, however, the full mix of rates and 
aspects of synchronization. formats is encountered by most network elements. The 

In an optical network, such as a Wavelength Division route, line-rate, and format can be highly unpredictable and 

Multiplexing (WDM) network, data passes through many rapidly changing at any network element within a reconfig- 

different types of network elements: wavelength converters urable WDM network, 

and filters, wavelength add-drop multiplexer (ADM), cross- Like all other communication networks, it is desirable to 
connects, and optical amplifiers. The network elements may monitor network transmission performance in WDM net- 
perform multiple optical to electronic (O/E) and electronic works to anticipate problems before a user experiences poor 
to optical (E/O) conversions, or alternatively, may process service. Signal integrity and network link performance are 
the data in optical form. Although it is preferable to perform closely monitored in traditional transmission systems, which 
signal monitoring at network elements that include O/E and operate at fixed line rates. These systems possess embedded 
E/O converters, one can also tap and detect a signal at any signaling channels for diagnosis of transmission impairment 
point in a WDM network. 45 and exchange of fault information. 

FIG. 1 illustrates a prior art optical signal monitoring For example, in Synchronous Optical Network (SONET) 

system 100, which monitors optical signals on a fiber link by systems, the frame interval is continuously monitored along 

performing indirect SNR or average power level measure- with verification of parity calculated on subsets of the bits 

ment. As shown, optical monitoring system 100 includes an within a frame. In these systems, loss of signal, loss of 

optical fiber 110 carrying an input optical signal, optical 50 frame, and Bit Interleaved Parity 8 (BIP8) error rates are 

power splitter 120, optical fiber 130 carrying output optical monitored and reported. Other transmission formats have 

signal, wavelength selective filter 140, photodetector 150, their own embedded error detection, 
electrical amplifier 160, and a spectrum analyzer 170. An Unlike traditional networks, however, WDM networks 

incident optical signal present in optical fiber 110 is con- have less direct control over critical transmission param- 

veyed to output fiber 130 via coupler 120. 5S e t e rs. Although many of the proposed WDM networks 

To monitor the input optical signal, an optical tap in perform signal level management, they do not perform 

coupler 120 extracts a small amount of signal power from retiming, which is highly rate dependent and usually restric- 

optical fiber 110. Wavelength selective filter 140 selects a tive. When a WDM network performs little or no retiming, 

desired wavelength, and photodetector 150 converts the jitter management is delegated entirely to receivers at the 

light associated with the selected wavelength into an elec- 6 o user end. Accordingly, if the quality of the signal could be 

trical signal. The current from photodetector 150 is ampli- verified without full regeneration so that faults could be 

fied by electrical amplifier 160, and subsequently measured isolated to one subnetwork, it would facilitate implementa- 

by spectrum analyzer 170, or alternatively, an average value tion of multi- vendor interfaces for reconfigurable WDM 

meter. networks. 

One of the signal characteristics measured by spectrum 65 Finally, interaction among protocol layers, such as locat- 

analyzer 170 is an estimated signal-to-noise ratio (SNR), ing faults when Internet Protocol (IP) routers or Asynchro- 

which is commonly used to characterize a link performance nous Transfer Mode (ATM) switches connect directly to 
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optical networks, would be easier if a WDM network could single- wave length interfaces, such as SONET OC-3 or elec- 

dynamically determine the type of traffic it carries and test trical DS-1 or DS-3. As bandwidth demands grow, it is 

the quality of the traffic by checking for proper frame format desirable to eliminate this regeneration and permit 

and presence of errors. For example, when a network transparent, multi-wavelength access by measuring the qual- 

element in a WDM network detects an error in a signal, the 5 ity of the signal. 

network element could generate an alarm, facilitating the x ne description of the invention and the following 

identification of the fault at the higher layer. description for carrying out the best mode of the invention 



DESCRIPTION OF THE INVENTION 



should not restrict the scope of the claimed invention. Both 
provide examples and explanations to enable others to 

It is desirable to have a method and apparatus for per- 10 practice the invention. The accompanying drawings, which 

forming automated time domain monitoring in optical net- form part of the description for carrying out the best mode 

works that overcome the above and other disadvantages of of the invention, show several embodiments of the 

the prior art. Methods and apparatuses consistent with the invention, and together with the description, explain the 

present invention determine characteristics of an input opti- principles of the invention, 

cal signal by estimating a minimum time interval between 15 

transitions in the input signal, determining a clock signal BRIEF DESCRIPTION OF THE DRAWINGS 

based on the estimated minimum time interval, and perform- j n me pjp Ure s- 

ing a time domain measurement on the input signal based on - .„ ' , , , „. c , 

the determined clock signal. . ™' 1 lUustrates a block dia S ram of a P nor art °P tlcal 

, 20 signal monitoring system; 

In one embodiment, an optical signal monitoring appara- „ .„ A A ? . , . , 

tus comprises a forward rate detector, clock recovery circuit, . 2 dlustrates a block dia S ram a time d ™ °P^ al 

and a time domain measurement circuit. The forward rate sl & nal ™ nitonn S apparatus, m accordance with an embodi- 

delector estimates the minimum time interval between tran- ment invention, 

sitions in an input optical signal. Based on the estimated FIG - 3 illustrates a block diagram of a forward rate 

minimum time interval, the clock recovery circuit extracts a detector, in accordance with an embodiment of the inven- 

clock signal from the input signal. Using the extracted clock ^on; 

signal, the time domain measurement circuit samples the FIG. 4 illustrates an emitter coupled logic (ECL) imple- 

input signal, and determines in time domain the character- mentation of a minimum transition interval detection circuit, 

istics of the input signal. 3Q which uses pulse-width auto-correlations responsive to ris- 

Methods and apparatuses consistent with the invention m g ed S e transitions, in accordance with an embodiment of 

have several advantages over the prior art. In an optical tne invention; 

network, many different time domain measurements may be FIG. 5a illustrates a block diagram of a time domain 
performed on an optical signal once a clock is extracted. The measurement circuit, which performs self-calibrating wave- 
clock is essential for measuring an eye-pattem, from which 35 form measurement suitable for network monitoring 
one can determine activity on a particular wavelength, applications, in accordance with an embodiment of the 
directly calculate signal power levels and noise, and calcu- invention; 

late jitter. With automated measurement, both instantaneous FIGS. Sb, 5c, and Sd illustrate an eye-pattern for a signal 

fault and average non-fault behavior may be used in fault at an input of a time domain measurement circuit, a syn- 

isolation. The clock may be used to identify bit boundaries ^ chronized calibration waveform, and a sampling pulse, 

and to read the signal. Pattern detection may be used to respectively, in accordance with an embodiment of inven- 

recognize, for example, SONET Al A2 framing or the spe- tion- and 

cial symbols used in block coding This would allow net- F ' [G fi , b]ock ^ of . ^ domain 

work elements to pettorm many or the convention bit-leve measurement circuit> 

in accordance with an embodiment of 

performance monitoring operations, even without benefit of 45 ^ invention 
information from network management. 

One may determine the type of traffic present on a BEST MODE FOR CARRYING OUT THE 

wavelength (if it is in a local catalog) and inform network INVENTION 
management of the traffic type and quality. This would 

obviously be useful for preventing provisioning errors (by 50 Reference will now be made in detail to the preferred 

detecting that the traffic type present does not match the embodiments of the invention, examples of which are illus- 

traffic expected) when jumpers are connected incorrectly. traled in tbe accompanying drawings. Wherever possible, 

Also, this could provide a means for billing the customer, the same reference numbers will be used throughout the 

even though the customer has a transparent connection and drawings to refer to the same or like parts, 

can send a wide range of rates and types of traffic. It could 55 FIG. 2 illustrates a block diagram of a time domain optical 

also provide a near- real-time inventory of traffic statistics to signal monitoring apparatus 200, in accordance with an 

network management. None of these things can be done embodiment of the invention. Signal monitoring apparatus 

today in the optical domain, and using inflexible fixed 200 comprises a forward rate detection and selection circuit 

regeneration sacrifices transparency — the regeneration cir- (forward rate detector or FWR) 210, programmable clock 

cuit would need to be changed whenever the traffic type or so recovery circuit (PCR) 220, time domain measurement 

speed is changed. circuit 230, and a buffer amplifier 240. 

When signals cross administrative boundaries, for An optical signal sample 152 is incident on photodetector 

example between a local exchange carrier (LEC) and an 150, which produces a current received by a transimpedance 

inter exchange carrier (IEC) or between a private network amplifier 160. An optical signal sample 152 is obtained via 

and an LEC, it is necessary to determine that the signal is not 65 an optical power splitter 120 from an optical fiber 110 

impaired before it leaves one network and enters another. carrying an input optical signal using a wavelength selective 

Today, this requires full regeneration and well-defined filter 140. 
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Output 164 of amplifier 160 connects to input 242 of 

buffer amplifier 240. Buffer amplifier 240 includes three l r 08 2 I \Qopr 

equivalent analog outputs 244, 246 and 248. Output 244 BER * ^ J^vf'"" rf " = *{ IT 
connects to input 212 of forward rate detector 210. Output 

246 connects to input 222 of clock recovery circuit 220. 5 

Output 248 connects to analog input 232 of time domain where 
measurement circuit 230. The signal at input 242 of buffer 

amplifier 240 is an analog representation of optical signal Qopte — - Mh 

sample 152. (rhi+<rh 

Optical signal sample 152 can be characterized by a 10 

bit-rate J* when the optical signal sample 152 is a non- J n addition, jitter and wander can be assessed from the 

retura-to-zero (NRZ) digital signal. Forward rate detector sha P e and ™ iallon of the transrtions from low to high and 

210 produces a signal at output 214, which is an estimate of vice versa Eye-pattern measurements are an efficient diag- 

the bit-rate of the signal at input 242. In one embodiment, nostlc !° o1 fo ' both ^ and ra P ldlv chan / n 8 

thesignalatoutput214maybeadigitalrepresentationofthe 15 transmission link performance. The eye-pattern provides a 

estimated bit-rate direct and consistent measure of signal parameters. An 

eye-pattern is especially important in WDM since the char- 
Clock recovery circuit 220 includes a rate control input acteristics of the signal source and route may be highly 
224, which sets the particular frequency of operation in variable. 

accordance with known techniques for clock recovery. 20 The clock signal at output 226 of clock recover circuit 220 

Clock recovery circuit 220 generates a clock signal at output may be used to reconstruct the corresponding digital signal. 

226, which is synchronized with transitions in the signal at Several measurements may be performed using the infor- 

input 222 of clock recovery circuit 220 when rate control mation contained in the recovered digital signal, depending 

input 224 is set to a value that corresponds sufficiently close on t h e transmission layer protocol. For example, byte 

to Stir Rate contro1 in P ut 224 of clock recovery circuit ^ alignment, framing, and error detection may be performed 

receives a rate estimate signal from output 214 of forward us i og a synchronized clock and knowledge of the bit rate, 

rate detector 210. Pattern detection can be used to identify, for example, 

As shown, clock recovery circuit 220 also includes a loss SONET A1A2 framing or the special symbols used in 

of lock signal output 228 that is active when clock output Gigabit Ethernet or Fiberchannel block coding. When the bit 

226 is not synchronized to input 222. The signal at input 216 30 stream is associated with, for example, SONET, the error 

of forward rate detector 210 alters the algorithm used to rate can be directly measured using the embedded Bit 

determine the estimated bit rate of the signal applied to input Interleaved Parity 8 (BIP8) bytes. 

212. Different algorithms may be used depending on the Furthermore, confirmation of bit synchronization may be 

current and past lock status of clock recovery circuit 220. In used for rate reporting and as a criteria for usage billing, 

one embodiment, clock recovery circuit 220 may be imple- 35 Additional monitoring functions could include determining 

mented using known techniques for performing program- source and destination address and cell or packet length and 

mable clock recovery. Alternatively, clock recovery circuit type. This information is useful for traffic monitoring and 

220 may be implemented in accordance with methods and traffic characterization based on addressing and type as well 

apparatuses described in U.S. patent application Ser. No. as assessing network resource utilization. 

09/199,480, entitled "Method And Apparatus For Variable *o FIG. 3 illustrates a block diagram of forward rate detector 

Bit Rate Clock Recovery." 210, in accordance with an embodiment of the invention. 

. MA . « , . , Alternatively, forward rate detector 210 may be imple- 

Turn s domain measurement circuit 230 includes a clock memed in accordance with methods and apparatuses 

input 234 and a rate input 236, which connect to output 226 described ^ us . palen , appli cation Ser. No. 09/199,480, 

of clock recovery circuit 220 and output 214 of forward rate 45 emiUed , <Me , bod Md Apparatus For Variable Bit Rate 

detector 210, respectively. Using the clock signal at output clock Recovery " 

226 of clock recovery circuit 220, time domain measure- Forwafd m& detectQr 210 comprises a limilin lifier 

ment circuit 230 may perform waveform measurements on 31Q minimum lraQsition interval delectkm circuit 320j 

the analog signal at input 232. Time domain measurement fraMitioo counler 330, evenl rale maXer 340, digital win- 

circuit 230 may measure for example, the eye-pattern in the 5Q dow ^ rator 350 successive approximation register 

optical signal sample 152, from which one can determine 360 afid a bok ^ m m . 

activity on a particular wavelength directly calculate signal Fonvard fate detect0f 21Q ates at out ut 204 a 

power levels and noise, and calculate jitter. Alternatively, signal> which r esents an estimate f for the value of the 

time domain 1 measurement circuit 23C > rnay reconstruct the f of ^ g . { Ued at . 242 In Qne 

digital signal in optical signal sample 152 and subsequently 55 embodiment> (he signal at output 204 has a 5inary weighted 

assess particular characteristics of the digital signal. vahie mat tracks the yalue of ^ Tq anmher embodiment> 

Eye-pattern measurement is a time domain waveform the signal at output 204 represents a set of one or more 

measurement technique routinely employed to monitor and classifications of f bir 

maintain digital transmission systems. The eye-pattern is an Minimum transition interval detection circuit 320 

ensemble of average or superposition of pulse patterns 60 receives at input 322 an amplitude limited signal from 

corresponding to all different bit sequences. The ensemble amplifier 310 and at control signal input 324 a signal from 

may be obtained by sampling the signal waveform using a register 360. The signal at control signal input 324 may, for 

phase locked clock. The waveform can be characterized by example, include an ra-bit wide digital word at lines 

the high and low mean signal levels fi hi and fi Jo , and the 324,-324 m (not shown), respectively. The signal at control 

variance in these levels a w and o lo7 respectively. The bit 65 input 324 programs n time reference intervals t r _i-x r _„. The 

error rate (BER) of the signal can be accurately estimated signal at output 326 may, for example, include an n-bit wide 

from these eye-pattern parameters: digital word at lines 326j-326 M (not shown), respectively 
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Minimum transition interval detection circuit 320 com- l/r r _/ He between the bit-rates of interest in optical signal 

pares the time between consecutive transitions, At, of the sample 152. The classification process pcrfoimed by event 

signal at input 322 with each of the programmed time counter 340 and. window comparator 350, in addition to 

reference intervals x r _i-t r _„- Each of the n output lines interval assignment by register 340, determines which ref- 

326j-326„ corresponds to one of the n time interval com- 5 erence interval most likely includes the bit rate of optical 

parisons. For each i-1 n, output 326, may be high if sigQal sample 152 Register 360 may instruct detector 320 to 

At<r r _, and may be low if M>x r l . In particular, the prob- use different sets of reference time intervals if clock read- 
ability that output 326,. assumes a high value following circui , 22Q faUs to achievc cbck acquisitjon . 
consecutive transitions at input 322 is a monotomc function Jn one cmbodimcnt of thc inve „ t io n , precise rate mea- 
of the difference At-t _j. suremcnts may be made with, for example, n=2, m=10, and 

Transition counter 330 generates a pulse at output 334 q=2 may have a valuc ^ fa monotonically 

after a prescribed number, N,. of consecutive transitions re , alcd tQ , he b; weighted vahlc o{ thc word repreS ented 

have occurred at input 332 where N,_, ra „ is an integer with by , he coUection of inputs lines 3 24,-324 m . The monotonic 

a value of, for example, 32. „,„„.. A ^. r relation may, for example, be linear or semi-logarithmic. 

Event rate counter 340 inc udes inputs 342, 344, and 346, ]5 £v6nt M< . x MQ assj , Q , ines 348 348 a 

which connect to output 314 of limiting amplifier 310 bin we i ghted valu e corresponding to the total number of 

output 326 of minimum transition interval circuit 320, and ^ t UnM 326 326 were individually high follow- 

output 334 of counter 330, respectively. j , eve| transilion at input 342 duri ng the dme interval 

Event counter 340 generates a k-bit word at output 348 betwceQ consecutive pu)ses applied to input 346 of event 

which includes lines 348j-348t, where the k-bit word 2Q 

depends on the number of times the : output lines 326,-326,, wi[)dow comparator 350 compares lhe binary weighted 

of transition detector 320 are high following a level transi- vah)e t , { , 3S2 inst & prede , e rmined high value N Ai 

lion in input signal 342 during the time interval between and a predet ermined low value N to . Output line 354, is high 

consecutive pulses at input 346 t if N w is smaller than the value at input 352, and output line 

Window comparator 350 includes an input 352 which a 354 fa if N ^ ter ^ (he valu6 „ in t 352 

connects to output 348 of event counter 340 Wmdow Register 360 may be an m stage binary up-down counter 

comparator 305 also mcludes an output 354 which includes whose ^ (hold> up Qr dowQ) may be controlled 

q signals in lines 354,-354, (not shown), respectively, by outputs 354] aad 3S ^ which connect to jnputs 362i and 

where 2Iq in. ^ ^ 36 2 2> respect ively. Depending on the number of pulses 

Register 360 includes inputs 362, 364, and 366, which 3Q ■ at input 364 of reg i ster 3 60 during the time which 

connect to output 354 of window comparator 350, output ■ 3fi6 may be at , hjgh ^ repreS enting prolonged loss 

334 of counter 330, and loss of lock output 228, respectively. of , ock by clock recovery circuit 220 the regis , er may count 

Register 360 also includes an output 368, which connects to . increments ofj for examp i e , 0 or ±1 or by progressive 

input 324 of detector 320 and input 372 of look-up table of b - wej h , value rf for example; 0 or r ^ P 

memory 370. Output 374 of memory 370, which represents 3J witb n slep _ m m _i q 

the signal at rate estimate output 204, connects to rate Lo okup table 370 maps the m-bit word at output 368 into 



control input 224 of clock recovery circuit 220. 



a bit-rate estimate signal 204 with a prescribed representa- 



min 



Forward rate detector 210 detects the bit-rate of optical Uon ^ ^ 37() for 6Xamplc a known 

signal sample 152 by estimating the minimum time interval ^ function relati the control inpul 324 and the 

between input signal transitions. Consecutive transitions of ^ bil . rate f which may inchlde a correc tion for 

optical signal sample 152 can be assigned a time interval At,. lemperamr e dependencies, to convert the m-bit digi- 

For a sufficiently large sample of transitions N<_, r<w , for ul word at om t 368 [n{0 lhe binary coded decimal word 

example, N 0rfln »32, the minimum value of the observed At, representing the estimated bit-rate. 

will be ltf w „ which may be represented as , Q anQther embodimenl) parUcu i ar ^ of rates may be 

45 rapidly distinguished by setting, for example, n=4, q=n, 

br = l //«,. m=q+4, and k to a multiple of n. Accordingly, control input 

lines 324 a -324 3 may select one of eight predetermined 
values for each of \_ lt *c r _ 2 , ^ r _3 ail d x r_A- 

Minimum transition interval detection circuit 320 com- Each set of k/n output lines 348 a -348 fc includes a binary 

pares consecutive transition intervals against one or more so weighted value equal to the total number of times the 

reference time intervals. Event counter 340 and window corresponding input 326,, for i=l, . . . , n, is high following 

comparator 350 classify the rate of responses from the transitions in the signal at input 342 during the time interval 

interval comparisons present at output 326 of transition between consecutive pulses at input 346. 

detector 320. The estimated bit rate is classified according to Each of output lines 354^354^ corresponds to a k/n 

its relationship with the rates l/c r _/ corresponding to the 55 subset of inputs such that an output lines 354, is high if the 

reference time intervals x r _,. word represented by the corresponding k/n bits includes a 

Forward rate detector 210 may estimate the bit-rate of binary weighted value that exceeds a predetermined value 

optical signal sample 152 with m-bit resolution or may N w . 

distinguish the bit-rate within a particular set of q+1 rate Register 360 may include a q input priority encoded with 

categories. The two modes may be used simultaneously. For 60 q+1 outputs, q+1 latches enabled by pulses applied to input 

high resolution bit-rate tracking, one or more references 360, and an m-q-l=3 bit binary counter, 

intervals z r , are adjusted by register 360 via output 368 as Look-up table 370 may assign the appropriate rate to the 

a result of the classification process performed by event m-bit digital word at output 368, which connects to input 

counter 340 and window comparator 350 such that one or 324 of minimum transition interval detection circuit 320 and 

more reference intervals T r _, match the minimum of At,-. 65 input 372 of look-up table 370. Look-up table 370 may, for 

For rapid rate classification, one or more sets of reference example, include an mxr memory. The memory output 

time intervals are selected for which the corresponding rates locations may include r-bit representations of the rates 



03/17/2004, EAST Version: 1.4.1 



US 6,549,572 Bl 

9 10 

corresponding to references time intervals selected by the in current I^ flowing into current source 444. Current 

control signal at control input 324. sources 444 and 464 have related outputs through their 

FIG. 4 illustrates an emitter coupled logic (ECL) irnple- common control via inputs 324. The change in the quiescent 

mentation of minimum transition interval detection circuit voltage at output 428, which is associated with the current 

320, which uses pulse-width auto-correlations responsive to 5 through source 444, may be matched by the change in 

rising edge transitions, in accordance with an embodiment voltage at node 462 associated with current source 464. 

of the invention. Minimum transition interval detection Comparator 430 is not responsive to the like current depen- 

circuit 320 comprises an input 322, control input 324, output dent oflsets applied simultaneously to differential inputs 432 

326, ECL gate 410 D-type latching comparator 430, and a and 434. 

programmable delay element 408. Programmable delay ele- 10 Gate 420 and gate 410 respond when input signal 322 

ment 408 includes an ECL ORyNOR gate 420, capacitor transitions from low to high after a gate propagation delay, 

440, voltage reference 450, transistor 460, and program- output 416 and output 426 transition from low to high, 

mable current sources 444 and 464. output 418 transitions from high to low, and output 428 

Input 322 connects to inputs 412 and 422 of gate 410 and ceases to conduct current from source 444. The positive 

OR/NOR gate 420, respectively. Non-inverting output 416 15 transition at output 426 to V 426 /u drives node 442 high, while 

of gate 410 connects to second input 424 of OR/NOR gate the current from source 444 causes the voltage at node 442 

420. Inverting output 418 of gate 410 drives clock input 436 subsequently decrease with time. The voltage at node 442 

of latching comparator 430. Gate 420 includes a non- will equal the voltage at node 462 after period has 

inverting output 426 and an inverting output 428. Output elapsed, and may be represented as follows: 

428 is an open-emitter, allowing gate 420 to perform a 20 

current gating function. Capacitor 440 connects to output k . w , 

426 and node 442. Wr 428 + 4M 4M 402} " £?428 ' 

Node 442 connects to open-emitter output 428 and con- where Q 428 is the charge absorbed by output 428 as it goes 

trolled current source 444. Capacitor 440 is charged by inactive. 

current from output 428 and is discharged at a controlled rate 25 Gate 410 responds to a subsequent high-to-low transition 

by the current I 444 from source 444. Non-inverting data of input 322 and after a gate propagation delay, output 416 

input 432 of latched comparator 430 senses the voltage at transitions high to low, and output 418 transitions low to 

node 442. high. The low-to-high transition at output 418 activates 

Reference voltage 450 connects to the base of transistor comparator clock input 436. If clock input 436 transitions 

460 whose emitter is connected to node 462. Controlled 30 from high to low before x r has elapsed, output 438 will be 

current source 464 also connects to node 462. Current high. Otherwise, output 438 will be low. A high level at 

sources 444 and 464 include control inputs 446 and 466, output 438 indicates l/S bit <t r . 

respectively, which are both connected to control input 324. Gate 420 responds to the high-to-low transition of output 

Inverting data input 434 of latched comparator 430 senses 416, two gate delays following the high-to-low transition of 

the voltage on node 462. 35 input 322, with output 428 becoming active and raising the 

Comparator 430 senses the voltage difference between voltage at node 442 to V 428 w while output 426 goes low. The 

inputs 432 and 434 when clock input 436 is low. Output 438 connection of output 416 to input 424 delays the response of 

of latching comparator 430 is updated on the rising edge gate 420 to falling edge input transitions so as not to disturb 

transition of enable input 436. Latching comparator 430 the voltage at node 442 while comparator 430 is being 

may, for example, be a D-type flip flop with differential data 40 latched. 

inputs. Detector output 326 connects to output 438 of FIG. 5a illustrates a block diagram of time domain 

latching comparator 430. measurement circuit 230, which performs self -calibrating 

In the embodiment of FIG. 4, minimum transition interval waveform measurement suitable for network monitoring 
detection circuit 320 responds to a rising edge transition of applications, in accordance with an embodiment of the 
the digital signal applied to input 322 and determines 45 invention. Measurement circuit 230 includes an analog input 
whether the subsequent falling edge transition occurs before 232, recovered clock input 234, sampling rate clock 502, 
or after a programmable reference time interval x r has clock divide-by-2 circuit 510, limiting amplifier 5 16, D-type 
elapsed. In an alternative embodiment, multiple minimum flip-flop 520, counter 530, programmable delay generator 
transition interval detection circuit 320 connected in parallel 540, sampler driver 550, sampling circuits 560 and 570, two 
may each receive a replica of the signal at input 322 with 50 channel analog multiplexer 580, analog-to-digital (A/D) 
opposing polarity, and may subsequently measure the mini- converter 586, and an event accumulator 590. Clock divide- 
mum transition interval associated with both rising and by-2 circuit 510, limiting amplifier 516, D-type flip-flop 
falling edge transitions. 520, sampling circuit 570, and input 234 constitute a time 

The quiescent state of minimum transition interval detec- base auto-calibration circuit, 
lion circuit 320 is defined when input 322 is low. In the 55 The analog signal at input 232, which connects to output 
quiescent state, gate output 418 is high and output 416 is 248 of buffer amplifier 240, is a replica of optical signal 
low. When input 322 and output 416 are low, gate output 426 sample 152. Sampler 560 includes input 562, which con- 
is low and output 428 is high. Output 428 conducts most of nects to input 232. Since input 234 connects to clock 
the current from source 444. The voltage across capacitor recovery circuit 220, the clock signal at input 234 is syn- 
C 440 in the quiescent state is the difference between V 428 w 60 chronous with transitions in the signal at input 232. 
at output 428, for example -0.8V, and V 426 w at output 426, Clock divide-by-2 circuit 510 includes an output 514, 
for example -1.8V. which connects to input 522 of D-type flip-flop 520 and 

A reference voltage V 462 is created at node 462 by voltage input 518 of limiting amplifier 516. The signal at output 514 

reference 450, transistor 460, and current source 464. The is a square wave pulse train with transitions at \ff bi( intervals 

reference voltage may be chosen to be lower than the 65 synchronized with the signal at input 234. The signal at 

quiescent voltage at output 428, for example -1.5V. The output 514 may be used, for example, to perform time base 

quiescent voltage at output 428 may be altered by changes calibration. 
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Limiting amplifier 516 includes an output 519, which with the triggering of sampler driver 550 is shown. FIG. 5d 

connects to an input 572 of sampler 570. The amplitude of illustrate the sampling pulse at output 554 of sampler driver 

the signal at output 519 may include a predetermined value, 550. As shown, the sampling pulse at output 554 is delayed 

making the signal useful for amplitude calibration purposes. by time x os . 

D-type flip-flop 520 includes an input 524, which con- 5 The sampling pulse at output 554 is finely stepped across 
nects to a sampling rate clock 502, and an output 526, which the measured waveform. The period of the measured wave- 
connects to input 532 of counter 530 and input 542 of form may vary from 100 psec to 100 nsec, requiring 
programmable delay generator 540. The rate of the wave- different size steps for x os . The step size of x os is repre- 
form sampling process may be controlled by clock 502. sented by a controlled rate signal at input 546 to program- 
Counter 530 includes a digital output 534, which connects 10 mable delay generator 540. The estimated rate signal at input 
to delay control input 544 and write address input 594 of 236 provides the necessary information to automatically 
event accumulator 590. Pulse output 548 connects to trigger chose the appropriate set size for x os . 
input 552 of sampler driver 550. Sampler driver 550 pro- Eye-pattern measurements require accurate correlation of 
duces a very short pulse at output 554 in response to a falling amplitude and time . To produce a delay x os that has low 
edge transition applied to input 552. 15 jitter and a precisely controlled value, more complex circuits 
Programmable delay generator 540 includes a trigger known in the art may be used to achieve both accuracy and 
input 542, delay control input 544, rate range input 546, and low jitter. Complex circuits, however, may not be appropri- 
a pulse output 548. Programmable delay 540 generates a ate for performing automated waveform measurement in 
delayed falling edge pulse at output 548 in response to a WDM networks. 

rising edge transition at input 542. The falling edge at output 20 Accordingly, programmable delay generator 540 may 

548 is delayed by a period of time x os , which is determined comprise, for example, delay element 408 shown in FIG. 4, 

by delay control input 544 and rate range input 546. The which is simple, has low jitter, and has a monotonic response 

delay period x os is coarsely tuned by input 546 and finely to the control currents. Measurement of calibration signal 

tuned by input 544. Rate range input 546 receives a rate 519 performed simultaneously with measurement of the 

estimate signal at input 236. 25 analog signal at input 232 provides an internal time refer- 

Sampler 560 includes a gating input 564 and output 566. ence for calibrating the delay x os . In one embodiment, the 

Sampler 570 includes a gating input 574 and output 576. time values associated with the waveform voltage samples 

Gating inputs 564 and 574 both connect to sampler driver may be calculated by interpolating the time values assigned 

output 554. A short pulse applied to gating inputs 564 and to measured transitions in calibration waveform 519. 

574 cause samplers to transiently measure the voltage 30 FIG. 6 illustrates a block diagram of time domain mea- 

appearing at their respective inputs 562 and 572. surement circuit 230, in accordance with an embodiment of 

Samplers 560 and 570 include signal outputs 566 and 576, the invention. Measurement circuit 230 comprises a decision 

respectively, which are connected to inputs 581 and 582, flip-flop 620, shift register 630, rate-addressed look-up table 

respectively, of analog multiplexer 580. Analog multiplexer 640, and byte-processing circuit 650. 

580 holds the voltage level applied to inputs 581 and 582, 35 Decision flip-flop 620 includes an analog input 622, clock 

and alternately presents these voltages to A/D converter 586. input 624, and a digital output 626. Shift register 630 

Digital output 588 from A/D converter 586 is received by includes a serial input 632, clock input 634, and a parallel 

write input 592. data output 636. Lookup table 640 includes a rate estimate 

Event accumulator 590 includes a write input 592, write input 642 and a data field descriptor output 644. Byte- 
address 594, read output 596, and a read address input 598. 40 processing circuit 650 includes a parallel data input 652, 
Event accumulator 590 receives at input 592 m-bit digital data field descriptor input 654, and a clock input 656. 
words from A/D converter 586 corresponding to voltage Optical signal sample 152 may be an optical sampling 
levels on inputs 581 and 582. Event accumulator 590 means as shown in FIG. 1. Alternatively, optical signal 
receives at input 594 p-bit digital words corresponding to the sample 152 may be obtained from an optical fiber used for 
delay applied to the trigger pulse, which initiated acquisition 45 accessing an optical network. As shown in FIG. 6, light from 
of the waveform samples appearing as voltage levels at optical signal sample 152 is incident on photodetector 150 
inputs 581 and 582. whose current output is received by input 162 of electrical 

Event accumulator 590 performs an auto -regressive aver- amplifier 160. Output 164 of amplifier 160 connects to input 

age of the number of times a particular word appears at input 242 of buffer amplifier 240, which generates three replicas 

592 coincident with another particular word at input 594. so of input signal 242 at outputs 244, 246, and 248. 

Event accumulator 590 may, for example, comprise an Output 244 connects to input 212 of forward rate detector 

mxpxq random access memory and an arithmetic logic unit. 210. Output 246 connects to input 222 of clock recovery 

It will be recognized that the contents of the registers in 220. Output 248 connects to analog input 622 of decision 

accumulator 590 constitute a histogram of voltage levels as flip-flop 620. Rate control input 224 of clock recovery 

a function of delay time for both the analog signal at input 55 circuit 220 connects to rate estimate output 214 of forward 

232 and the square wave signal at output 519. The set of rate detector 210. Forward rate detector 210 rapidly esti- 

histograms for the analog signal at input 232 constitute an mates the bit-rate of input signal 152. The rate estimate 

eye-diagram for the measured waveform. The set of histo- signal at input 214 sets rate control input 224 of clock 

grams for the square wave signal at output 519 constitute a recovery circuit 220 so that clock recovery circuit 220 can 

measured calibration waveform. The two histogram arrays, 60 appropriately respond to the bit-rate of input signal 152. 

one for the eye-pattern and one for the calibration waveform, When forward rate detector 210 is implemented as a 

may be accessed at output 596 via addressing by read discrete rate detector, the step of rate estimation may be 

address input 598. accomplished within, for example, 8 to 32 signal transitions 

FIG. 5b illustrates an eye-pattern for the analog signal at following the onset of input signal 152. Rate detector 210 

input 232 of time domain measurement circuit 230. FIG. 5c 65 accepts control input 216 from loss of lock output 228 of 

illustrates the square wave calibration signal at output 519 of clock recovery circuit 220. Recovered clock output 226 

limiting amplifier 516. A rising edge transition associated connects to clock inputs 624 and 634 of decision circuit 620 
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and shift register 630, respectively. Output 226 also connects 3. The method of claim 2, wherein the reconstructing step 

to clock input 656. includes the step of: 

Decision flip-flop 620 converts the analog signal at input sampling one or more bit intervals in the input signal. 

622 into a re-timed digital bit-stream at output 626 Shift 4 ^ method of claim 2j wherein the reconslructing step 

register 630 converts the serial bit stream into a set of time 5 mc i uc j es me step 0 f. 

shifted bit streams. . . , . ' . , . , . _ . . . 

Look-up table 640 receives at input 642 the estimated rate sampling the input signal at a midpoint of a bit interval in 

output 214. Different rate specific information may be stored input signal. 

in look-up table 640, including, for example, byte alignment . 5 - mcthod of daun *> wherein the performing step 

bit patterns, frame alignment bit-patterns, location of includes the steps of: 

address data, location of error detection data, location of determining a rate specific signal characteristic of the 

error correction data, and location cell or packet description input signal based on the determined bit rate; and 

data. The desired rate specific bit patterns and locations may measuring the input signal based on the rate specific 

be provided at output 644. s - gnal characteristic. 

There are several additional time domain measurements, 6. The method of claim 5, wherein the step of determining 

which may be performed with the recovered clock at output 15 ^ ^ fc characteristic includes the step of: 

226 in addition to error detection as previously mentioned. , . : . . A 4 , , A . A . 

r 1 .u i i u a* .... . determining a byte alignment bit pattern associated with 

For example, the clock may be used to recover the bit stream • * • i j , L j . • j L l . 

4 . . . . . 4 . . i_ the mput signal based on the determined bit rate, 

so that appropriate computations, such as B1P8, may be _ ™, r A , , & - A c j . 

performed. Confirmation of bit synchronization may be used tU T ™ e mcth fi od of clain ? 5 > w , here , m the f j> of determining 

for rate reporting and as criteria for usage billing. Other bit 20 derate s P ecific fS nal charactenstic includes the step of: 

level functions may include traffic monitoring and traffic determining a frame alignment bit pattern associated with 

characterization based on addressing and type as well as 0 m P u * signal based on ^the determined bit rate. 

assessing network resource utilization. 8 - ™ e method of claim 5 > wherein the ste P of determining 

While it has been illustrated and described what are at the rate s P ecific si S nal characteristic includes the step of: 

present considered to be preferred embodiments and meth- 25 determining location of address data associated with the 

ods of the present invention, it will be understood by those ^P 111 si S nal based on lhe determined bit rate, 

skilled in the art that various changes and modifications may 9 ^ method of claim 5, wherein the step of determining 

be made, and equivalents may be substituted for elements the rate specific signal characteristic includes the step of: 

thereof without departing from the true scope of the inven- determining location of error detection data associated 

t j on> ~ 30 with the signal input based on the determined bit rate. 

In addition, many modifications may be made to adapt a 10- The method of claim 5, wherein the step of determin- 

particular element, technique or implementation to the m g me rate specific signal characteristic includes the step of: 

teachings of the present invention without departing from determining location of error correction data associated 

the central scope of the invention. Therefore, it is intended with the input signal based on the determined bit rate, 

that this invention not be limited to the particular embodi- 35 11. The method of claim 5, wherein the step of determin- 

ments and methods disclosed herein, but that the invention ing the rate specific signal characteristic includes the step of: 

include all embodiments falling within the scope of the determining location of packet descriptive data associated 

appended claims. with the input signal based on the determined bit rate. 

What is claimed is: 12. The method of claim 5, wherein the step of determin- 

1. A method for determining time domain characteristics 40 ing the rate specific signal characteristic includes the step of: 
of a monitored input signal from an optical network com- determining location of cell description data with the 
prising the steps of: input signal based on the determined bit rale. 

estimating a minimum time interval between consecutive 13. The method of claim 1, wherein the performing step 

transitions in the input signal; includes the step of: 

determining a variable bit rate of the input signal based on 45 identifying a protocol associated with the input signal 

the estimated minimum time interval; based on the determined bit rate, 

recovering the input signal's clock signal based on the 14. The method of claim 1, wherein the performing step 

determined bit rate; and includes the step of: 

performing a time domain measurement on the input 5Q determining a location of information associated with the 

signal based on the determined bit rate and the recov- input signal based on the determined bit rate. 

ered clock signal. 15. The method of claim 14, wherein the step of deter- 

2. A method for determining time domain characteristics mining the location includes the step of: 

of a monitored input signal from an optical network com- extracting the information at the determined location in 

prising the steps of: S5 the input signal. 

estimating a minimum time interval between transitions in 16. A method for determining time domain characteristics 
the input signal; of a monitored input signal from an optical network corn- 
determining a variable bit rate of the input signal based on prising the steps of: 

the estimated minimum time interval; estimating a minimum time interval between transitions in 

recovering the input signal's clock signal based on the 60 u " ie m V ui signal; 

determined bit rate; and determining a variable bit rate of the input signal based on 

performing a time domain measurement on the input toe estimated minimum time interval; 

signal based on the recovered clock signal, said per- recovering the input signal's clock signal based on the 

forming step including the step of reconstructing a determined bit rate; and 

digital signal from the monitored input signal by sam- 65 performing a time domain measurement on the input 

pling the input signal based on the recovered clock signal based on the recovered clock signal, the per- 

signal. forming step including the steps of: 
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sampling the recovered clock signal and the input 
signal at a plurality of times to generate a clock 
signal histogram and an input signal histogram; and 

using the clock signal histogram to calibrate the timing 
sequence of the sampled input signal histogram. 

17. A method for determining time domain characteristics 
of a monitored input signal from an optical network com- 
prising the steps of: 

estimating a minimum time interval between transitions in 

the input signal; 
determining a variable bit rate of the input signal based on 

the estimated minimum time interval; 
recovering the input signal's clock signal based on the 

determined bit rate; and 
performing a time domain measurement on the input 

signal based on the recovered clock signal, the per- 
forming step including the steps of: 

sampling the recovered clock signal and the input 
signal at a plurality of times to generate a clock 
signal histogram and an input signal histogram; and 
using the clock signal histogram to calibrate the amplitude 

of the sampled input signal histogram. 

18. The method of claim 1, wherein the estimating step 
includes the step of: 

determining a variable bit rate of the input signal based on 
the estimated minimum time interval. 

19. A method for determining time domain characteristics 
of a monitored input signal from an optical network com- 
prising the steps of: 

estimating a minimum time interval between transitions in 

the input signal; 
determining a variable bit rate of the input signal based on 

the estimated time interval; 
recovering the input signal's clock signal based on the 

determined bit rate; and 
performing a time domain measurement on the input 
signal based on the recovered clock signal, and wherein 
the estimating step includes the steps of: 
generating a plurality of test pulses that correlate to the 

transitions in the input signal; and 
adjusting the duration of each of the plurality of test 
pulses such that the minimum time intervals between 
the transitions in the input signal match the durations 
of the corresponding plurality of pulses. 

20. A method for determining characteristics of an input 
signal comprising the steps of: 

estimating a minimum time interval between transitions in 

the input signal; 
determining a clock signal based on the estimated mini- 
mum time interval; and 
performing a time domain measurement on the input 

signal based on the determined clock signal; 
wherein the estimating step includes the steps of: 

generating a set of delayed input signals using a set of 

programmable delay times, respectively; 
comparing the transitions in the input signal with the 

set of delayed input signals; and 
identifying the nearest predetermined delay times that 
are before and after the minimum transition time 
interval between the transitions in the input signal. 

21. The method of claim 20, wherein the generating step 
includes the step of: 

resetting one or more of the programmable delay elements 
after the comparing step. 
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22. A method for determining characteristics of an input 
signal comprising the steps of: 

estimating a minimum time interval between transitions in 

the input signal; 
determining a clock signal based on the estimated mini- 
mum time interval; and 
performing a time domain measurement on the input 

signal based on the determined clock signal; 
wherein the estimating step includes the steps of: 
generating a set of delayed input signals using a set of 
programmable delay elements delaying the input 
signal based on a set of predetermined delay times, 
respectively; 

comparing the transitions in the input signal with the 
set of delayed input signals; and 

adjusting one or more of the programmable delay 
elements, such that minimum time intervals between 
the transitions in the input signal match one or more 
of the set of predetermined delay times. 

23. The method of claim 22, wherein the generating step 
includes the step of: 

resetting one or more of the programmable delay elements 
after the comparing step. 

24. An apparatus for determining time domain character- 
istics of a monitored input signal from an optical network 
comprising: 

a forward rate detector that determines the input signal's 
bit rate by measuring the minimum time interval 
between consecutive transitions in the input signal, said 
forward rate detector including a transition detector and 
line rate estimation circuitry; 

a clock recovery circuit that recovers the input signal's 
clock signal based on the determined bit rate; and 

a measurement circuit that performs a time domain mea- 
surement on the input signal based on the recovered 
clock signal. 

25. An apparatus for determining the time domain char- 
acteristics of a monitored input signal from an optical 
network comprising: 

a forward rate detector that determines the input signal's 
bit rate by estimating a minimum time interval between 
transitions in the input signal; 
"a clock recovery circuit that recovers the input signal's 

clock signal based on the determined bit rate; and 
a measurement circuit that performs a time domain mea- 
surement on the input signal based on the recovered 
clock signal, the measuring circuit comprising: 
a delay generator that generates a first pulse synchro- 
nized to the recovered clock signal; 
a sampler driver that generates a second pulse in 

response to the first pulse; and 
a first sampler that measures a plurality of instanta- 
neous values of the input signal gated by the second 
pulse in order to generate a histogram of the input 
signal. 

26. An apparatus for determining time domain character- 
istics of a monitored input signal from an optical network 
comprising: 

a forward rate detector that determines the input signal's 
bit rate by estimating a minimum time interval between 
transitions in the input signal; 

a clock recovery circuit that recovers the input signal's 
clock signal based on the determined bit rate; and 
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a measurement circuit that performs a time domain mea- 
surement on the input signal based on the recovered 
clock signal, the measurement circuit comprising: 
a decision circuit that reconstructs a digital signal from 
the monitored input signal by sampling the input 
signal based on the recovered clock signal. 

27. The apparatus of claim 26, wherein the measurement 
circuit further comprises: 

a converter that generates a stream based on the sampled 
input signal; 

a storage device storing a set of rate specific signal 
characteristics that are referenced based on the deter- 
mined bit rate; and 

a processing circuit that measures the stream based on the 
set of rate specific signal characteristics. 

28. The apparatus of claim 27, wherein the set of signal 
characteristics include a byte alignment bit pattern. 

29. The apparatus of claim 27, wherein the set of signal 
characteristics include a frame alignment bit pattern. 

30. The apparatus of claim 27, wherein the set of signal 
characteristics include location of address data. 

31. The apparatus of claim 27, wherein the set of signal 
characteristics include location of error detection data. 

32. The apparatus of claim 27, wherein the set of signal 
characteristics include location of error correction data. 

33. The apparatus of claim 27, wherein the set of signal 
characteristics include packet description data. 

34. The apparatus of claim 27, wherein the set of signal 
characteristics include cell description data. 

35. An apparatus for determining the time domain char- 
acteristics of a monitored input signal from an optical 
network comprising: 

a forward rate detector that determines the input signal's 
bit rate by estimating a minimum time interval between 
transitions in the input signal; 

a clock recovery circuit that recovers the input signal's 
clock signal based on the determined bit rate; and 

a measurement circuit that performs a time domain mea- 
surement on the input signal based on the recovered 
clock signal, the measurement circuit comprising a 
storage device storing a location of data associated with 
the input signal wherein the storage device is refer- 
enced based on the determined bit rate. 

36. The apparatus of claim 35, wherein the measurement 
circuit further comprises: 

a processing circuit that extracts information from the 
input signal based on the location data. 

37. An apparatus for determining time domain character- 
istics of a monitored input signal from an optical network 50 
comprising: 

a forward rate detector that determines the input signal's 

clock signal based on the determined bit rate; and 
a measurement circuit that performs a time domain mea- 
surement on the input signal based on the recovered 
clock signal, the measurement circuit comprising: 
a delay generator that generates a first pulse synchro- 
nized to the recovered clock signal; 
a sampler drive that generates a second pulse in 

response to the first pulse; 
a first sampler that measures a plurality of instanta- 
neous values of the input signal gated by the second 
pulse to generate an input signal histogram; and 
a second sampler that measures a plurality of instan- 
taneous values of the recovered clock signal gated by 
the second pulse to generate a clock signal histogram 
used to calibrate the input signal histogram. 
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38. An apparatus comprising: 

a forward rate detector that estimates a minimum time 
interval between transitions in an input signal; 

a clock recovery circuit that determines a clock signal 
based on the estimated minimum time intervals; and 

a measurement circuit that performs a time domain mea- 
surement on the input signal based on the determined 
clock signal; 

wherein the forward rate detector comprises a minimum 
transition interval detection circuit that compares time 
intervals between consecutive transitions in the input 
signal with one or more reference intervals, the mini- 
mum transition interval detection circuit comprising: 
a delay element that delays a first transition in the input 

signal by a first predetermined delay time and delays 

a second transition in the input signal by a second 

predetermined delay time; and 
a comparator that compares the delayed first transition 

with the second transition. 

39. An apparatus comprising: 

a forward rate detector that estimates a minimum time 

interval between transitions in an input signal; 
clock recovery circuit that determines a clock signal based 

on the estimated minimum time interval; and 
a measurement circuit that performs a time domain mea- 
surement on the input signal based on the determined 
clock signal; 
wherein the forward rate detector comprises 

a minimum transition interval detection circuit that 
compares time intervals between consecutive transi- 
tions in the input signal with one or more reference 
intervals, the minimum transition interval detection 
circuit comprising 

a set of delay elements that generate a set of delayed 

input signals based on a set of predetermined 

delay times; and 
a comparator that compares transitions in the set of 

delayed input signals with the transitions in the 

input signal. 

40. The apparatus of claim 39, wherein the forward rate 
detector comprises: 

an encoder that identifies nearest ones of the set of 
predetermined delay times that are before and after the 
minimum time interval between the transitions in the 
input signal. 

41. An apparatus comprising: 

a forward rate detector that estimates a minimum time 

interval between transitions io an input signal; 
a clock recovery circuit that determines a clock signal 

based on the estimated minimum time interval; and 
a measurement circuit that performs a time domain mea- 
surement on the input signal based on the determined 
clock signal; 
wherein the forward rate detector comprises: 

a minimum transition interval detection circuit that 
compares time intervals between consecutive transi- 
tions in the input signal with one or more program- 
mable reference intervals; and 
a register that adjusts the programmable reference 
intervals such that one or more of the adjusted 
reference intervals match the minimum time interval 
between the transitions in the input signal. 
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ABSTRACT 



An optical-to-electrical converter includes an input port 
configured to receive an optical signal. The converter further 
includes a splitter configured to split the received optical 
signal into a plurality of optical signals. An optical stage has 
a plurality of parallel stages, and each parallel stage receives 
a corresponding one of the plurality of identical signals and 
outputs a corresponding one of a plurality of sampled optical 
signals within a corresponding sampling window. Aplurality 
of delay circuits receive a clock signal having a plurality of 
clock pulses separated by a clock period. The delay circuits 
respectively output a plurality of control pulses at a plurality 
of delayed timings with respect to each clock pulse of the 
clock signal. An electrical stage receives the plurality of 
sampled optical signals and processes the optical signals at 
a sampling rate corresponding to the clock period of the 
clock signal. 

34 Claims, 10 Drawing Sheets 
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HIGH-SPEED SERIAL-TO-PARALLEL AND optical waveform into a plurality of identical waveforms. 

ANALOG-TO-DIGITAL CONVERSION The converter further includes a second input port config- 
ured to receive a clock signal having a predetermined clock 

BACKGROUND OF THE INVENTION period. The converter also includes a delay circuit config- 

5 ured to receive the clock signal and to output a plurality of 

1. Field of the Invention delayed clock signals each having different a different delay 
The present invention relates generally to the field of with respect to others of the delayed clock signals. The 

optoelectronic devices and, more particularly, to devices converter still further includes a plurality of optical shutters 

which function as extremely high speed optical shutters, and configured to respectively receive the plurality of identical 

to applications of such devices. 10 waveforms on an input port thereof, and configured to 

2. Description of the Related Art n**™ a corresponding one of the plurality of delayed clock 
A . - . • a . •£> ,. . signals on a control port thereof, each of the plurality of 
A number of important commercial, scientific, medical . , 44 . . r . \ . c : ... 

. . f . A . optical shutters having an output port for outputting the 

and military signal processing or sampling applications 1 -f ., . r . r e 

. . . ■ 3 b , r * r . & r f corresponding one of the identical waveforms within a time 

require high speed conversion of time-varying analog wave- ... mm , n. i 

c - j * * > i r o c u- u a ■ » ■ »■ t • it period in a range of 0.01 psec to 100 psec. The converter also 

forms mto digital form. Such higher digitization speed is 35 f . , i i-. r u * j * * ♦ • i . j 

. . . ^ t , to ■ « . includes a plurality of photodetectors respectively connected 

useful because, among other reasons, it provides better , , r , ' i\, , f r .. , , 

... i r ?j i c j. . to the output ports of the plurality of optical shutters and 

spatial resolution for lidar and range-finding, better time a i\ _* • . J i ■ i • * * , 

K . .. f , . . . . to , i i_ „ ■ . configured to convert an input optical signal into an output 

resolution for clock synchronization protocols, better instru- . . °. , . . ^ * , r ., ■ i j i r * r 

. , i . • r v n j t . t electrical signal. The converter further includes a plurality of 

mental resolution for sampling oscilloscopes, and better . 4 . . & . . .. . , *■ i 

. . c .f. . • tt- u j on electrical analog-to-digital converters respectively con- 

channel separation for wideband receivers Higher speed 20 ^ ^ F 

analog-to-digital (Afl>) converters are additionally sought and re( , ^ ^ an a J og . to ^ t / conversion of 

because there is often a threshold conversion rate below * r , . . , . . . . T. , . , ^ 

.... ... . . , , . . - ... the corresponding electrical signal into a digital signal. I tie 

which the application requiring the samples is unfeasible, , r i * • i i * j- ■* i * • *. n 

« j • ■ . 1 • *• • -T- 1 number of electncal analog-to-digital converters in a fully 

such as digital receivers operating in a particular microwave l4 . ft . . . 6 , .7 . ... 7 

l j 25 P°P u l ate " configuration is such that a conversion time of 

said analog-to-digital converters divided by the number of 

It is known that an analog serial-to-parallel (S/P) con- electrical analog-to-digital converters is slightly less than the 

verter can be used to parcel out portions of a time-varying time period of mc optical shu tters. 

waveform to parallel AD converters working in parallel. In M fe of the tem and method accordmg to the 

such systems, the quality of the S/P converter stage bounds invention e?q)loit and improve upon recen{ advances in high 

the subsequent fidelity of the overall converter, so manu- d ^ shuUer technol notably the Terahertz 0p ti- 

facturabihty and control of noise are crucial considerations. cal ^y^^ Demultiplexer (TOAD), disclosed in U.S. 

Unfortunately, today's all-electronic converters operate Pat Nq 5 493 433^ which ^ iacorporated in its entirety 

well below 60 pgasamples per second (GSPS , which is not herein by refcrcnce . Whercas most optica i shutters require 

much faster than today > s state-of-the-art electronic A/T) impractically long interaction lengths, high power, or both; 

converters (e.g., 6 GSPS claimed by Rockwell in the ^ T0A£) ^ ^ md bw power 

laboratory, for which, to applicants knowledge no publicly- ^ TOAD exploits a strongly non-linear optical effect 

available .enabling disclosure exists), so there is litUe fan-ou which a * fe c ^ ^ Q Qr 

by the S/P converter. By way of comparison, all-optical of ^ * a ^ introduced into an inter f erometer . 

switching/sampling phenomena can occur at intrinsically ^ d / Qff ^ a bfief interva of ^ 

higher speeds than analogous electronic phenomena since ^ p i CO second (psec), so a signal beam meeting with 

electron mobility m the solid state is up to 10,000-fold a T ^ 0AD interf ^ ron / eter wi / ernit onl lne wa / eform 

slower than me speed of light; the advantage is lessened by samp]ed by ^ x p&ec wjndow ^ contrast tQ 

tne ratio ot device sizes. conventional semiconductor logic gates, the TOAD does not 

SUMMARY OF THE INVENTION 45 tr ^ 10 sw ^ tcn anc * reset in a small multiple of the shutter cycle 

time. Rather, the TOAD can undergo an Open/Off cycle only 
Accordingly, it is among the objects of the instant inven- once before it needs to recover, typically for 100 psec. When 
tion to provide one or more of the following: (i) an improved combined with a precise optical delay line, each TOAD can 
A/D converter operating at optical speeds yet benefiting be used to sample (read) or inject (write) a signal's ampli- 
from progress in the speed of electronic devices; (ii) an so tude or intensity in the shutter window time. The TOAD is 
integrated, fast A/D converter; (iii) an improved A/D con- then latent, waiting for the electronics to invoke it again (e.g. 
verter with calibrated outputs and servo-controlled input every 4 nanoseconds (nsec) for 250 MHz CMOS), 
range; (iv) an improved A/D converter with a parallel output Utilizing such high speed optical shutters, in accordance 
signal; (v) an improved A/D converter in a circuit; (vi) an with the system and method according to the invention, it is 
A/D converter embedding a fast analog S/P converter; (vii) 55 possible to provide high speed, high quality S/P conversion, 
an integrated fast analog S/P converter; (viii) a fast analog and therefore high speed A/D converter systems embedding 
optical S/P converter employing a TOAD (as defined a fast analog optical S/P converter with fan -out to whatever 
below); (ix) an improved, fast analog S/P converter with degree is necessary to support operation beyond 1000 
adjustable input dynamic range; (x) an improved S/P con- gigasamples per second (GSPS). Also, in accordance with 
verter with physical clocking; and (xi) a device capable of 60 the invention, systems may include atl-electrical A/D con- 
converting an optical waveform into piecewise portions verter devices, thus providing a back-end with optimal 
employing a TOAD. price/performance. Preferably, the balance between more 
In accordance with these and other objects, there is fan-out in the S/P converter and more, lower-cost slow 
provided an analog-to-digital converter, which includes a electrical A/D converters in the back-end is optimally 
first input port configured to receive an analog optical 65 selected, based upon overall price, performance, 
waveform. The converter also includes a splitter connected manufacturability, or other criteria. While the present inven - 
to the first input port and configured to split the analog tion may be, and preferably is, practiced using the TOAD, 
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the concepts, teachings, and applications described herein 
below are by no means limited to TOAD-based systems, and 
will work with other optical shutters, other sequences of 
functional units, and with novel electrical A/D converters. 

In accordance with the invention, the TOADs will pref- 5 
erably be solid state and formed by mass production pro- 
cesses. For instance, integrated semiconductor optical 
amplifiers (SOAs) under development at Princeton 
University, British Telcom, NEC, and elsewhere can be 
combined with integrated optical paths to form complete 1Q 
TOAD devices. SOAs can advantageously be formed using 
materials from columns HI and V in the periodic table (e.g. 
GaAs), or II-VI materials; a plurality of optical paths can be 
formed on a low cost substrate; and the two monolithic 
constructions bonded together. Additionally or alternatively, 15 
a plurality of optical paths may be formed on the same 
substrate as the TOADs by additive, subtractive, or even 
selective phase-change direct -write processes. One may 
apply light, charged particle beam, heat, or other known 
methods to cure the waveguide material or optical intercon- ^ 
nects. 

In accordance with a preferred embodiment of the instant 
invention, the time-varying magnitude of an input signal is 
modulated by amplitude or intensity. In more general 
embodiments, modulation of the magnitude comprises a 25 
combination of amplitude modulation, polarization 
modulation, phase modulation, and frequency modulation. 
These can all be exploited in their own right by appropriate 
TOAD embodiments, or reduced to amplitude or intensity 
modulation and treated as in the preferred embodiment. For 30 
instance, a polarized signal can be converted into an inten- 
sity modulated signal by being passed through a cross- 
polarizer. A frequency modulated signal can be converted 
into an amplitude modulated signal in a number of ways, 
including filtering with a color-sensitive transmitter or 35 
reflector; or diffracting or refracting and then using position, 
time of flight, or phase information. A frequency modulated 
signal can be converted into an intensity modulated signal 
by interfering it with a coherent reference beam of compa- 
rable intensity and sampling the beat frequency. In general, 40 
modulation can be permitted to occur within the TOAD, 
instead of just prior to it. For instance, a phase modulated 
signal can be converted into an intensity modulated signal 
by being superposed on a coherent reference signal of 
comparable intensity within the TOAD interferometer itself, 45 
thus replacing the input splitter described in the '433 patent 
with a bypass on one side and a reference beam for differ- 
ential measurement on the other side. This brief description 
is exemplary and not comprehensive. As those skilled in the 
art will appreciate, other methods are known, and it is 50 
anticipated that there will be future embodiments of optical 
shutters which will be appropriate for use in this invention. 

BRIEF DESCRIPTION OF THE FIGURES 
Various aspects, features, applications, and advantages of 55 
the instant invention are depicted in the accompanying set of 
drawings, which are intended to be exemplary and not 
limiting or exhaustive, and in which, briefly stated: 

FIG. 1 illustrates a preferred embodiment of an analog 
optical S/P converter in block form. 60 

FIG. 2 illustrates an analog optical S/P converter in 
greater detail. 

FIG. 3 illustrates a beam splitter used in a clocking source. 

FIG. 4 illustrates a clocking source including a modulator 
unit. 65 

FIG. 5 illustrates a "physically clocked" embodiment of a 
clocking source. 
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FIG. 6 illustrate the use of delay lines to retard clock 
signals. 

FIG. 7 illustrate the use of delay lines to retard data 
signals. 

FIG. 8 illustrates an optical shutter unit implemented in a 
Terahertz Optical Asymmetric Demultiplexer. 
FIG. 9 shows a measured TOAD waveform. 
FIG. 10 plots the shape of a fast analog waveform using 
an optical correlator. 

FIG. 11 shows a measurement of the same analog signal 
by a TOAD acting as an optical shutter. 

FIG. 12 illustrates an apparatus in the manner of a 
sampling oscilloscope. 

FIG. 13 illustrates a sampling oscilloscope using a TOAD 
acting as an optical shutter. 

FIG. 14 illustrates an optical AID converter system 
embedding an analog optical S/P converter. 

FIG. 15 illustrates an alternative embodiment of the slow 
AID converter back-end. 

FIG. 16 illustrates a preferred slow O/E converter unit. 
FIG. 17 illustrates a preferred slow electrical A/D con- 
verter unit. 

FIG. 18 illustrates a preferred processing unit. 
FIG. 19 illustrates an A/D converter system with analog 
electrical input and digital electrical output. 

FIG. 20 summarizes an alternative A/D converter embodi- 
ment. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS) 

Reference is now made to FIG. 1, which illustrates a 
preferred embodiment of an analog optical S/P converter in 
block form. Optical input signal (1) enters an optical S/P 
converter (10) by means of an optical path (2). Signal (1) is 
preferably coherent light, such as 1.5 ftm light, and com- 
prises a waveform, such as shown in FIG. 9. Preferably, but 
not necessarily, signal (1) has already been amplitude or 
intensity modulated with certain data of interest. Path (2) is 
preferably an integrated waveguide, although a variety of 
designs for optical paths through free-space and guided 
paths (e.g. optical fibers) can be substituted, as would be 
appreciated by persons skilled in the art, e.g., optical engi- 
neers. 

A plurality of output signals emerge from S/P converter 
(10), illustrated as signal (4A) on path (5A), signal (4B) on 
path (5B), and so forth. The reader should interpret refer- 
ences to "signal (4)" without a suffix as applying to a 
plurality of (4A), (4B), etc., and similarly with "path (5)" as 
applying to paths (5 A), (5B), etc. Output signals (4) contain 
information from the input signal (1), and are preferably 
optical replicas of input signal (1), although a plurality of 
them may be scaled to different amplitudes from the input 
signal (1) and/or from each other. Optionally, output signals 
(4) may comprise functional modifications of input signal 
(1), such as linearization corrections, and/or may mix in 
other signal streams, such as a monochromatic reference 
beam. 

Reference is now made to FIG. 2, which illustrates an 
optical analog S/P converter in greater detail. In this 
embodiment, a beam splitter (12) replicates an input signal 
(1) into a plurality of output signals (14), which exit on their 
optical paths (15). As persons skilled in the art will 
appreciate, one can purchase beam splitters with high uni- 
formity and low parasitic losses commercially from a num- 
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ber of vendors, and beam splitters can also be integrated The optional phase correction unit (33) can serve to adjust 

with optical or optoelectronic subsystems using well-known the timing of the arrival of clock signal (35) at modulator 

lithographic or casting techniques. unit (24), and can be internally controlled by a clock or 

Each of a plurality of optical shutters (40) is fed both by externaUy controlled along a path (37), such as by "trim- 

a signal (14) along an optical path (15) from the beam * min ? fee f " ere f 1D the S/P converter or a 

snlitter (12) and also bv a clock sienal (32) carried bv an system embedcUn g ll - Anumber of units for phase correction 

splitter (LZ) and aU>o by a clocK signal W carried by an afe i nduding stre tching optical fibers and tight 

optical path (31). Each optical shutter (40) emits an output tcm p Cr ature control. 

signal (4) on a path (5). ^ starting signal is used for the clocking source (20), and 

Clock signals (32) are illustrated schematically as origi- the clocking can mn thereafter without requiring an external 

naling from a single clocking source (20), but use of clock ^ are a numbe r of units for providing a starting 

multiple clocking sources is permissible. The signal path signa] ^ optiona i input (35) may bc provided through 

(17) output of the input master clock (20) is used to phasc auction unit (33) or directly into modulator unit 

synchronize the electrical A/D stages and subsequent latch- ( 2 4) to provide a pulse from outside as the starting signal; or, 

ing circuitry. tne starting signal can be generated internally, for instance 

Reference is now made to FIG. 3, which illustrates a beam by compounding its amplification through repeated cycles 

splitter (30) used in a clocking source (20). In this until effective. 

embodiment, a master clock signal (28) of periodic pulses is Reference is now made to FIG. 2, FIG. 6 and FIG. 7, 

introduced along path (29) and distributed as clock signals which iu ustra te the use of delay lines to relate the relative 

(32) among paths (31). Optionally, output clock signals (32) 2Q timing of clock (32) and signal waveforms (4). Note 

may comprise functional modifications of master clock that an optical path length is determined by a path's index of 

signal (28), for instance by pulse-sharpening, clock- refraction as well as its physical length. In the embodiment 

doubling, or polarization. Other signals may optionally be shown m fig 6, the optical lengths of the signal paths (15) 

mixed in with output clock signals (32), such as complex are aU the same> bu( each clock pat h (31A), (31B), (31C), 

waveforms. As one skilled in the art will appreciate, a ^ anc j so f ortn nas an optical length chosen to provide timing 

number of clock distribution topologies are known to elec- de i ays f n successive integer units of x. In an alternative 

tronics engineers, with different topologies appropriate for embodiment shown in FIG. 7, the optical lengths of the 

different embodiments, such as a star-of-stars hierarchy for clockpaths (31) are all the same, but each signal path (15A), 

obtaining sufficient fannout with tight timing synchrony. ( 15B ^ ( 15C ^ and ^ forth nas an optica i i engt h chosen to 

Some of these topologies also include an amplification unit 3Q prov ide timing delays in successive integer units of x. More 

within the clocking source (20). complicated patterns can be utilized while remaining within 

Reference is now made to FIG. 4, which illustrates a the scope of the invention as described herein. For example, 

clocking source (20) including a modulator unit (24) pro- in embodiments of most value in certain applications, manu- 

viding an optical signal (25) along optical path (26) to a facturability considerations make it preferable for the 

beam splitter (30). A light signal (27) input from path (29) 3S ensemble of clock signals (32) and the ensemble of wave- 

is preferably constant brightness from a coherent laser. The forms (14) to intersect at a variety of times and places, in a 

beam splitter could preferably be similar to the one illus- matrix-like configuration (e.g., clustered on chips in a 

tratedinFIG.3.If the modulator (24) is electro-optical, then module). Nor must the intersections be regular; in some 

it will preferably be fed by an RF electrical trigger signal embodiments for applications described below, they need 

(21) from an RF input path (22). If the modulator unit (24) ^ not all have the same time intervals x, nor comprehensive 

is optoelectronic, then it will preferably be fed by an optical coverage, nor sequential ordering. 

trigger signal (21) from an optical input path (22). Mixtures Reference is now made to FIG. 8, which illustrates an 

of electrical and optical inputs may also be imposed as a optical shutter unit (40) implemented in a TOAD, such as the 

trigger signal (21) along a suitable plurality of paths (22). Mach-Zehnder version disclosed in the '433 patent. Optical 

Modulator unit (24) may require a power source, but such 45 shutters can also be built using an amplitude-modulating 

sources are well known to those skilled in the art, and are not TOAD constructed from a Mach-Zehnder, Michelson, or 

depicted in the drawings in order to avoid distracting from Sagnac interferometer by means of techniques well-known 

the description of the present invention. to those ordinarily skilled in the art. There have been 

Reference is now made to FIG. 5, which illustrates a attempts to build a TOAD using a loop mirror. These and 

"physically clocked" embodiment of a clocking source. Use 50 other forms of TOAD are all appropriate for use as optical 

of a beam splitter with one-more-than-2^ outputs is shutter units in connection with the instant invention, where 

preferred, but not required. The function of modulator (24) each embodiment of an optical shutter (40) is preferably a 

in this embodiment is to convert a "flyback" trigger signal TOAD (41) which gates a time -dependent input signal (14) 

(35) into a suitable input for beam splitter (30), preferably by with its time-dependent waveform (42) to an output signal 

amplification and pulse-sharpening, so that a preferred 55 (4) with a modulated magnitude. 

clocking source (20) emits clocking waveforms (e.g., Referring now to FIG. 8, the Terahertz Optical Asymmet- 

pulses) in parallel at precise periodic intervals that do not ric Demultiplexer (TOAD) comprises a fiber or waveguide 

depend on the coherence of an external clock. An optical loop joined at its base by the top half of a symmetric 2x2 

clock signal (32C) is provided by optical path (31C) to splitter (18). The bottom side of the splitter (18) receives the 

optional phase correction unit (33), which emits signal (35) 60 signal input and transmits it to a photodetector at a receiver, 

after that time interval necessary to ensure that the period- In general operation, light from the input is split by the 

icity of pulses arriving at beam splitter (30) is a constant. splitter into two identical waveforms which travel through 

There can be one or a number of pulses in transit traversing the loop in opposing directions. Because the two signal 

the circuit encompassing (34), (24), (26), (30), (32), and components will have traversed exactly the same distance 

optionally (33); the circuit serves as a delay line. If optional 65 when they meet again in the splitter (18), purely constructive 

phase correction unit (33) is omitted, path (31C) and path interference occurs; the splitter (18) therefore reflects all 

(34) number the same item. light back out the original input fiber and passes no light to 



03/17/2004, EAST Version: 1.4.1 



US 6,2( 

7 

the detector. This loop-mirror also contains a nonlinear 
element (e.g. a semiconductor optical amplifier (SOA)) 
located slightly off-center from the midway point. The 
asymmetric placement is the reason for the letter "A" in the 
word TOAD. 

If injected into the loop before the signal pulse, a clock or 
pulse will change the nonlinear element's index of refraction 
for a brief period of time (the dwell time). This means that 
the light traversing the loop after the gating pulse has passed 
through the SOA will encounter a different propagation 
delay than light traversing the loop before the gating pulse 
pumped the SOA. An important feature of the TOAD is that 
this delay is engineered to be exactly one-half of a 
wavelength, or exactly enough to change the interference 
condition from constructive to destructive. The coupler 
therefore expels light to the photodetector instead of back 
out the input. 

In accordance with Nyquist's Theorem, for a system with 
maximum frequency component 2/c, no information is 
available about the shape (roughly speaking, a) of the 
shutter waveform so long as o<x. In practice, the shutter 
waveform (32) has a finite rise time and fall time, so cross 
talk is reduced significantly but not eliminated by making a 
somewhat smaller than x (e.g. 50%). 

Reference is now made to FIG. 9, which shows a mea- 
sured TOAD waveform; in this case, 4 psec wide. The 
measurement was made by duplicating the output of a single 
TOAD device, delaying the second waveform by a variable 
interval (shown as the abcissa) and measuring the amplitude 
of the convolution of the first against the second (shown as 
the ordinate). The delay was swept from 0 to 10 psec and the 
results plotted. 

Reference is now made to FIG. 10, which plots the shape 
(44) of a fast analog waveform (actually, a laser pulse) as 
measured in the standard way by an optical correlator. FIG. 
10 is prior art. 

Reference is now made to FIG. 11, which shows a 
measurement of the same analog signal by a TOAD acting 
as an optical shutter (41) in the manner of FIG. 9. The 
measurement was performed in the inventor's laboratory by 
creating a rudimentary sampling oscilloscope using approxi- 
mately 43 psec- wide pulses from a 1.3 fan wavelength laser. 
The repetition rate was chosen as 10 nsec so that the output 
of the TOAD could be measured with a 100 MHz photode- 
tector. The clocking train was shortened to 1 psec wide 
pulses at 500 femtojoules of energy per pulse, and was 
injected into the control port of the TOAD as gating pulses. 
A weaker branch of the same train was split from the first, 
acting as the lower amplitude signal to be measured, and was 
time-lagged along a precisely varied delay path before being 
injected into the input port of the TOAD as signal pulses. 
The delay path was then changed and the TOAD output 
measured again. The overall shape was obtained by sweep- 
ing the delay path of the signal relative to the control over 
a range of 100 psec. The FWHM a_=43 psec, and the area 
under the curve corresponds to the intensity of the input 
signal integrated over the time when the TOAD acted as an 
open shutter. It is clear by inspection that the measurement 
provided at least 6 bits of resolution on the ordinate axis. 

The practiced sampling oscilloscope method indicates a 
useful analog application of the TOAD. The embodied 
sampling oscilloscope apparatus proves an alternative 
embodiment of the S/P converter wherein the fan -out feeds 
a plurality of branches — in this example, 1 — and the con- 
version is repeated temporally at precisely known phase 
offsets, not necessarily sequentially, in order to measure the 
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shape of a repeated signal. The signal must be reproducible 
in a finite time domain. A number of means for reproducible 
signal delay lines with sub-psec precision are known and 
could have been used instead to create the densely sampled 

5 phase offsets. Reference is now made to FIG. 12, which 
illustrates an apparatus in the manner of a sampling oscil- 
loscope which relies upon analog data measured by a TOAD 
optical shutter. A coherent optical signal (101) is fed on 
optical path (102) to a splitter (103) which feeds an output 

0 signal (104) to optical path (105) and an output signal (110) 
to optical path (111). Signal (110) on optical path (111), even 
if weakened, enters device -under-test (114) and emerges as 
signal (115) on optical path (116). There may optionally be 
a plurality of amplifying units (106) along optical path 
35 (105); and/or there may optionally be a plurality of attenu- 
ating units (112) along the optical path traversing (103), 

(111) , (114), and (116); in any case, at least one of these 
options must be implemented since the signal (115) must be 
weaker than the non-linear regime of the TOAD device 
(117) and signal (104) must be stronger than the switching 
threshold and must arrive at the input port (109) prior to the 
arrival of signal (115) at input port (119). The plurality of 
attenuation elements is depicted explicitly as a single unit 

(112) but could in practice be anywhere along said path, 
^ including merged with other units; likewise with the plural- 
ity of amplification units depicted as a single unit (106). 
There must also be a plurality of variable delay units (107) 
and/or (108) which introduce the phase offsets needed to 
sample the interval of interest. The control units can be 

3Q internally controlled and/or externally controlled. 

External control signal (127) would be introduced through 
path (126) and control signal (123) would be introduced 
through path (122). The TOAD (117) emits a signal (120) on 
optical path (121), said signal being representative of the 

35 convolution of the time aperture of optical shutter (117) with 
the amplitude of signal (115). Note that it is not strictly 
necessary for the elements mentioned-including the device- 
under-test, splitter, delay units, amplification units, attenu- 
ation units, and optical paths-to precisely preserve the color 
of signal (115) with respect to signal (104), since the 
clocking signal entering (109) is not interfered against the 
data signal (115) entering (119). Therefore, optical 
to-electrical and electrical-to -optical converters maybe used 
advantageously in device-under-test (114). 

45 Reference is now made to FIG. 13, which illustrates an 
alternative embodiment in the manner of a sampling oscil- 
loscope which relies upon analog data measured by a TOAD 
optical shutter and uses the waveform being measured 
additionally as its own clock signal. An optical source (129), 

50 which may advantageously be an electrical-to-optical 
converter, introduces a signal (130) onto optical path (131). 
A splitter (136) divides the signal (130) into signal (134) on 
optical path (135) and signal (132) on optical path (133). The 
embodiment attenuates (137) and/or amplifies (138) the 

55 signal. There must be at least one variable delay unit (not 
depicted) along the upper or lower path, as in FIG. 12. The 
clock signal is required to arrive at port (143) before the data 
signal arrives at port (141). The TOAD (144) emits a signal 
(146) on optical path (147). 

60 Other embodiments of sampling oscilloscopes are known 
in industry and their reimplementation with TOAD-based 
optical shutters would be self-evident for one ordinary skill 
in the art. 

Reference is now made to FIG. 14, which illustrates an 
65 optical A/D converter system (99) embedding an analog 
optical S/P converter. Preferably, an O/E converter (50) 
accepts an optical signal (14) from each of the paths (15) 
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emitted from a S/P converter (10), and converts said optical 
signal into an electrical signal (54). An A/D converter (60) 
accepts the electrical signal (54) from electrical lines (55) 
and produces a digital electrical representation (64). The 
electrical lines are likely to be transmission lines imple- 5 
mented as wires for low-speed operation and microwave 
plumbing or coaxial paths for high speed operation. 
Optionally, a processing unit (70) accepts said digital elec- 
trical signal (64) along electrical lines (65) and delivers a 
corrected, buffered version. In an alternative embodiment, 10 
the A/D converter may incorporate the O/E converter 
integrally, so (54) and (55) would be omitted. 

Reference is now made to FIG. 15, which illustrates an 
alternative embodiment of the slow A/D converter back-end: 
an all-optical A/D converter (98). An optical sample-and- 15 
hold unit (45) accepts the optical signal (4) from its optical 
path (5), and slowly digitizes it, such as by the method 
disclosed in U.S. Pat. No. 4,947,170, incorporated herein by 
reference. The optical signal (4) may comprise a waveform 
encompassing a plurality of copies provided to a common 2 o 
input line in time sequence. The time sequence can be 
constructed, for example, by merging optional delay lines 
(290) of differing lengths, with the delay lines originating 
from a common output of (10). 

Reference is now made to FIG. 16, which illustrates a 25 
preferred O/E converter unit (50) for converting an analog 
optical signal (5) into an analog electrical signal (54) rep- 
resentative of it. Techniques for increasing the range and 
sensitivity and limiting the noise introduced by optical-to- 
electrical converters, such as photodetectors, are well- 
known. Common commercially available optical-to- 
electrical converters include avalanche photodetectors, 
photomultiplier tubes, charge-coupled devices, PIN 
junctions, photosensitive resistors, photovoltaic devices, and 
photosensitive capacitors, among others. Certain O/E con- 
verter implementations can advantageously be implemented 
with time-dependent control signals (56), such as a reset 
signal; with a powering unit (57); and/or with scaling unit 
(58), such as for dynamic range, bias and gain, linearity, or 
sensitivity settings, possibly entailing connections to other 
units in the system (not depicted). Each input path (5) may 
in fact comprise a plurality of optical paths, each carrying its 
own coded version of optical signal (4); each output path 
(55) may in fact comprise a plurality of electrical lines, each 
conveying its own coded electrical signal (54). The coding 
may be trivial (e.g. none) or complicated for reasons arising 
from fault tolerance, power reduction, noise reduction, and 
packaging, among others. 

Reference is now made to FIG. 17, which illustrates a 
preferred A/D converter (60) for converting an analog 
electrical signal (54) into a digital electrical signal (64) 
representative of it. In general, each A/D converter requires 
a time -dependent control signal (66), preferably a clocking 
signal related to the clocking signal of its optical particular 
optical shutter (40). A time -dependent control signal will 
also be provided to its processing unit (70) in order to know 
when to latch the signal, and analog sample- and -hold units 
or digital latches may advantageously be added at other 
points in accordance with well-known engineering practices. 
Certain implementations of A/D converter (60) can advan- 
tageously be implemented with additional time -dependent 
control signals (66), such as a reset signal; with a powering 
unit (67); and/or with scaling unit (68), such as for dynamic 
range, bias and gain, linearity, or sensitivity settings, possi- 
bly entailing connections to other units in the system (not 
depicted). Each input path (55) may in fact comprise a 
plurality of electrical lines, each carrying its own coded 
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version of electrical signal (54); the coding may be trivial 
(e.g. none) or complicated for reasons arising from fault 
tolerance, power reduction, noise reduction, and packaging, 
among others. Each output path shown as (65) will generally 
comprise a multiplicity of electrical lines, each conveying its 
own coded electrical signal (64), where the coding will 
preferably be binary. 

Reference is now made to FIG. 18, which illustrates a 
preferred processing unit (70) for converting a plurality of 
digital electrical signals (64) into a different plurality of 
electrical signals (74) representative of it. In the preferred 
embodiment, processing unit (70) is optional. A powering 
unit (77) will advantageously be required for (70). Certain 
implementations of processing unit (70) can advantageously 
be implemented with time-dependent control signals (76), 
such as a reset signal or output bus system clock signal; 
and/or with scaling unit (78), such as for dynamic range, bias 
and gain, linearity, or sensitivity settings, possibly entailing 
connections to other units in the system (not depicted). For 
each stage (70), custom calibrations can be measured 
through the individual path through (10), (40), and (50). The 
calibrations can be applied locally or later; a lookup table 
may advantageously be employed with or without calibra- 
tion data using memory unit (71) in order to expedite 
remapping signals to appropriate (e.g. linear) representa- 
tions of the original input waveform's magnitude at a given 
time. Examples of the other units in the system would be 
from an input stage to servo the dynamic range. Each input 
path (65) generally comprises a plurality of electrical lines, 
each carrying its own coded version of electrical signal (64). 
The coding may be trivial (e.g. none) or complicated for 
reasons arising from fault tolerance, power reduction, noise 
reduction, and packaging, among others. 

In the preferred embodiment, the ensemble of electrical 
signals (74) will be buffered, latched, and clocked onto a 
system bus by way of lines (75), in which case a memory 
unit (71) is also provided for the processing unit (70). For 
this reason, the synchrony of presenting the ensemble of 
electrical signals (74) to a system bus restricts the architec- 

i ture in which the processing unit (70) is implemented. 
Simple digital systems require a master clock which will 
advantageously be the cycle time of the flyback signal (35), 
so all the latched bits will be injected onto the system bus 
simultaneously. Such an embodiment produces a large cur- 
rent impulse dl/dt, hence large simultaneous switching noise 
which must be decoupled with a large, expensive capaci- 
tance between power and ground. More complicated but 
affordable digital systems splay the latched bits onto the bus 
over a distribution of time slots, reducing the requirement 

, for decoupling capacitance in proportion to the increase in 
the rise time window, dt. 

Each output path (75) will generally comprise a plurality 
of electrical lines, each conveying its own coded electrical 
signal (74), where the coding will advantageously be binary 

; and optionally for error detection/correction. In alternative 
embodiments, the output path (75) may convey data other 
than binary electrical signals, such as multistate digital, 
accept/reject/doa'Lcare evaluations, alarms, acoustic 
signals, or mechanical action. 

i Reference is now made to FIG. 19, which illustrates an 
A/D converter system with analog electrical input and 
digital electrical output. Note that in the preferred 
embodiment, processing unit (70) is optional. In the pre- 
ferred embodiment, an input stage (80) is implemented as a 

; laser modulator (90), such as the module sold by United 
Technologies Photonics (UTP). Other input stages may be 
advantageous, such as the method and apparatus disclosed in 
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U.S. Pat. No. 4,681,449, incorporated in its entirety herein N-ways by an optical splitter, where the fan-out N is given 

by reference. Laser modulator (90) receives an electrical by NeB 0/>tfco/ +B w< . erri . cfl ,. The larger the electrical bandwidth 

input signal (7) and a constant, coherent light source (81); its B electr(ea „ the smaller the requisite minimum size of the 

output signal (83) is the modulation of light signal (81) by splitter. For example, if the optical (input) bandwidth were 

the amplitude or intensity of the electric input signal (7). It 5 20 GHz and the A/D converter leaf nodes each operated at 

may be advantageous to embed the A/D converter system in i GHz, then at least a 20-way splitter would be required. The 

other circuitry, including front-end circuitry, in order to repetition rate of the mode-locked laser driving the system 

enable applications described herein below. ^ choseQ |Q t0 ^ bandwidth of the electronics, 

The dynamic range of the TOAD devices (41) is finite so mat is> l/T-B rfTO<r , eal -250 GHz. Here, the fan-out is 250- 

reseahng the input signal that reaches the S/P converter (10) 1Q fold b a star JiUcr hierarchy (20 2) into 250 equivalent 

advantageously broadens the dynamic range of operation for cacfa fecdm afl } fc fa dc] Unc (203) foUowcd 

the system comprising (10) and (99). Attenuation can avoid ^« a TOAD (204) 

non-linear and time-dependent saturation effects while ^ . ^ . , 

amplification can avoid a noise floor. In the preferred Each T0AD has lwo m P uts > one for lhe S1 g aal ( 205 ) and 

embodiment, an optional electrical filler (97) can be one for conlro1 or g atin g P ulse ( 20 *)- The gating pulses 

employed to bias, attenuate or amplify the electrical input 35 wil1 cause toe TOAD to open a 4 psec sampling window 

signal (7) from a microwave guide (8) into electrical signal (209), allowing that portion of the analog waveform from 

(85) along path (86). In the preferred embodiment, the the signal input to pass to the output of the TOAD and 

electrical filter (97) is a dynamically variable voltage divider onward. The remainder of the analog waveform outside the 

and traveling wave amplifier. In an alternative embodiment, 4 psec window is suppressed and does not pass to the output 

an optional optical filter (95) optically amplifies or attenu- 20 of the TOAD. 

ates a constant coherent signal (81) from path (82) as signal £ ach TOAD connects its gating input to a delay line (207) 

(87) on path (88). In an additional alternative embodiment, a unique distance from a mode-locked laser pulse source, 

an optional optical filter (96) optically amplifies or attenu- most readll th h a hierarchical clock distribution tree 

ates a lime-varying optical signal (83 I from path (84) as (21Q) Timifl of ^ contfol bes a( each jqaD is 

signal (1) on path (2). Note that path (84) is marked twice * ^ redbya % . 4 psec increment from its neighbors, so 

since it may advantageously be accessible from outside unit f J " " qu 

(80). For instance, if an optical input signal is available ™ Ar » ■/ „S ™ NT , , , j . 

instead of an electrical input signal, the filler (96)-which is TOADs monitor 4N patent N samples are taken during 

depicted as part of optional unit (80)-may still be advanla- f tlme P mo * " V^'f^rt?' T T 

geously employed as a front-end to the A/D converter 30 ^«er, lhe N sampte bave bc»n taken, the^t mc^- 

system (99) without using electrical inputs. An optional lock * d laser P" 1 ^ (2U M ? tos 1 lhe ™V of TOADs and 

reference beam (94) may also be fed into the system for another s ° nes of sam P ,es 18 A continuous sample is 

various reasons, notably to convert a phase modulated signal composed piecswise as each TOAD takes a snapshot 

(83) into an amplitude modulated signal (1), or to bias a through its Ume-limited window on the waveform, shoulder 

sienal (83) t0 shoulder Wlth lhe olher TOADS. In this way the sampling 

~ . „ . . , . . . . , . , , . , 35 of the analog waveform continues round-robin without 

Typically, a first control umt (not shown) would provide tot tion . In ti the tilion rate of mode .iocked 

a first control s,gnal (91) to filter (97), a second control unit ^ ^ be ^ kHz ^ ^ 
(not shown) would provide a second control signal (92) to 

filter (95), and a third control unit (not shown) would ™* energy required after the splitter is approxi- 

provide a third control signal (93) to filter (96). The control 40 ™^ 500 ^\ 0 ^' ™ ls f * r ^ a n d n ll y achiev ^ ^ a 

unit would be set by the downstream processing unit (70); conventional Nd:YLF laser if N<100. Here, with N-250 an 

processing unit (70) may establish the need to set control amplified mode-locked fiber ring laser or a mode-locked 

signals (91), (92), and/or (93) from data reported to it by (78) semiconductor laser may be used. If insufficient power is 

from externally or from units (50), (60), or (80). It may be avail f blc *™\ th f l f cr > tbcn lascrs m ^ be s y nchr °- 

advantageous to servo the input filters (95), (96), and/or (97) 45 noilsl y mode-locked. 

and performance characteristics of the back-end units (50), Note that timing jitter within the A/D is negligible: 

(60), and/or (70), for instance to diagnose problems or arbitrarily smaller than the Nyquist limit. The lengths of the 

optimize performance. Some, none or all of these optional (fiber optic or solid state waveguide) delay lines are set at 

filters and connections to (70) may be employed. In the manufacturing time and can be compensated for foreseeable 

absence of unit (97), electrical path (86) is electrical path (8), 50 or measurable variations in temperature, humidity, vibration, 

and electrical signal (85) is electrical signal (7). In the or voltage supply. The system's spurious free dynamic range 

absence of unit (95), optical path (88) is optical path (82), ^ therefore be limited by drift in the timing of the 

and optical signal (87) is optical signal (81). In the absence externally supplied control pulse and should preferably 

of unit (96), optical path (2) is optical path (84), and optical exceed 120 dB within the AID module, 

signal (1) is optical signal (83). 55 The timing control pulse can be physically clocked as in 

Reference is now made to FIG. 20, which concisely FIG. 5 with a precision well below the Nyquist limit, leaving 

depicts an alternative embodiment employing N=250-fold no measurable jitter within the specified operating rate, 

fan-out in the S/P converter, a 1 psec external clock Each of the TOADs then feeds a dedicated photoconverter 

waveform, x__=4 psec TOAD apertures, and B el€Cfrica ^l (215) (e.g. a semiconductor avalanche photodiode or PIN 

GHz electronics to sample a B„ rjca/ =250 GHz optical wave- 60 junction, depending on energetics). Note that the photode- 

form at 250 GSPS. This embodiment synchronously distrib- tectors under consideration can be filled at any rate (e.g. over 

utes a high-speed serial data stream into a large number of 1 psec or 1 ^sec) and can recover faster than the A/D 

low-speed parallel data streams. Slower data streams are converters (216) they feed, so final low-cost A/D conversion 

photoconverted, then sampled by all-electrical A/D remains the rate-limiting event. 

converters, and then latched into a memory unit. 65 The output is subsequently electrical, and is digitized by 

An optical waveform (201) enters at the upper left-hand each A/D converter (216) at, for example, 1 GSPS with 8-bit 

corner of the diagram. The optical waveform is distributed resolution. The 1 GHz cycle time is sufficiently slow that the 
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photodetector and A/D converter electronics can respond 
and recover completely and be ready for the next sample. 

In the preferred embodiment, local control logic (220) 
remaps each A/D converter's output channel against a 
calibration table to ensure linearity, and then either stores the 5 
data (221) for later downloading at leisure, or else writes the 
electrical data to a very wide synchronous bus (222). The 
bus (222) does not need to operate at the same speed as the 
(rate -limiting) A/D converters (216), and making the bus 
(222) faster or reading a slower input signal would permit 10 
the bus (222) to be proportionately narrower. 

While the foregoing description has touched upon various 
preferred embodiments and applications of the instant 
invention, those skilled in the art, having read the foregoing, 
will immediately recognize that the concepts detailed therein 15 
can be implemented and/or used in numerous obvious 
alternative structures and applications. Accordingly, it is 
understood that the scope of applicants' invention shall not 
be limited to those preferred and/or exemplary embodiments 
described herein, but instead, shall be defined exclusively by ^ 
the finally-issued claims (which claims are intended to be 
read in the broadest reasonable manner), and any and all 
equivalents thereto. 

What is claimed is: 

1. An optical-to -electronic convertor, comprising: 25 
an input port, which receives an optical signal that is to be 

sampled; 

an optical sampler stage including at least one high-speed 
optical shutter, which samples the optical signal at a 
first sampling rate by opening and closing the at least 30 
one high-speed optical shutter and which provides a 
plurality of sampled optical signals as a result thereof, 
the optical sampler stage including a plurality of par- 
allel channels, each different channel providing a dif- 
ferent one of said plurality of sampled optical signals, 3s 
the optical sampler stage including a splitter for split- 
ting the optical signal into a plurality of identical 
optical signals prior to the sampling at the first sam- 
pling rate; and 

an electronic analog-to-digital converter stage, which 40 
converts the plurality of sampled output signals into a 
plurality of digital signals, the electronic analog-to- 
digital converter stage performing the converting at a 
second sampling rate slower than the first sampling 
rate. 45 

2. The optical-to-electronic converter as recited in claim 
1, wherein the electronic analog-to-digital converter stage 
comprises a single analog to digital converter which receives 
the outputs from each of the plurality of parallel channels in 

a time sequential manner. 50 

3. The optical-to-electronic converter as recited in claim 
1, wherein the electronic analog-to-digital converter stage 
comprises a plurality of electronic converters disposed in a 
plurality of parallel channels, wherein the plurality of chan- 
nels of the electronic analog to digital converter stage 55 
respectively receive the sampled optical signals output from 
the plurality of parallel channels of the optical sampler stage. 

4. The optical- to-electronic converter as recited in claim 
1, further comprising a conversion stage disposed between 
the optical sampler stage and the electronic analog-to-digital 60 
converter stage, the conversion stage performing a conver- 
sion of the plurality of sampled optical signals into a 
plurality of electronic sampled signals. 

5. The optical-to-electronic converter as recited in claim 

4, wherein the conversion stage includes a plurality of 65 
photodetectors respectively disposed in the plurality of 
parallel channels of the optical sampler stage. 
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6. The optical-to -electronic converter as recited in claim 
5, wherein the optical sampler stage comprises: 

a plurality of terahertz optical asymmetric demultiplexer 
assemblies (TOADs) respectively disposed in the plu- 
rality of parallel channels of the optical sampler stage 
and each configured to sample a corresponding one of 
the plurality of identical optical signals at different 
times, 

wherein the plurality of detectors are respectively dis- 
posed between the plurality of TOADs and the elec- 
tronic analog-to-digital converter stage. 

7. The optical-to -electronic converter as recited in claim 
3, wherein the plurality of parallel channels of the optical 
sampler stage corresponds in number to n, and 

wherein n multiplied by the second sampling rate is 
approximately equal to the first sampling rate. 

8. An optical to electronic converter, comprising: 

a first input port configured to receive an analog optical 
waveform; 

a splitter connected to the first input port and configured 
to split the analog optical waveform into a plurality of 
approximately identical waveforms; 

a second input port configured to receive a clock signal 
having a predetermined clock period; 

a delay circuit configured to receive the clock signal and 
to output a plurality of delayed clock signals each 
having a different delay with respect to other of the 
delayed clock signals; 

a plurality of terahertz optical asymmetric demultiplexer 
configured to respectively receive the plurality of 
approximately identical waveforms on an input port 
thereof, and configured to receive a corresponding one 
of the plurality of delayed clock signals on a control 
port thereof, each of the plurality of terahertz optical 
asymmetric demultiplexers having an output port for 
outputting the corresponding one of the plurality of 
approximately identical waveforms within a fixed time 
period; 

a plurality of photodetectors, each different photodetector 
connected to a different one of said output ports of the 
plurality of terahertz optical asymmetric demultiplex- 
ers and configured to convert an input optical signal 
into an output electrical signal; and 

a plurality of electrical analog-to-digital converters 
respectively connected to the output ports of the plu- 
rality of terahertz optical asymmetric demultiplexers 
and configured to perform an analog-to-digital conver- 
sion of the corresponding electrical signal into a digital 
signal, 

wherein a number corresponding to said plurality of 
electrical analog-to-digital converters is a value such 
that a conversion time of the plurality of electrical 
analog-to-digital converters divided by the number of 
said plurality of electrical analog-to -digital converters 
is approximately equal to the time period of the plu- 
rality of terahertz optical asymmetric demultiplexers. 

9. A method of optical sampling, comprising the steps of: 
receiving an optical signal that is to be sampled; 
splitting the received optical signal into a plurality of 

approximately identical optical signals; and 
respectively providing the approximately identical optical 

signals to a plurality of channels of an optical stage; and 
sampling, at the optical stage, the optical signal at a first 

sampling rate by opening and closing a high-speed 
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optical shutter and providing a plurality of sampled nodes with a substantially unique timeslice of said 

optical signals as a result thereof, each of the plurality analog optical waveform upon receipt of a correspond- 

of parallel channels of the optical stage providing a ing one of said plurality of copies of said optical clock 

different one of said plurality of optical signals. signal. 

10. The method as recited in claim 9, further comprising 5 17. The optical sampler system as recited in claim 16, 

the step of converting the plurality of sampled optical wherein said plurality of copies of said optical clock signal 

signals into a plurality of electrical sampled signals. are delayed with respect to each other by a preset delay 

U. An analog optical sampler, comprising: amount. 

a first input port that is capable of receiving an analog I 8 - The optical sampler system as recited in claim 16, 

optical waveform that is to be sampled; io wherein at least one of said plurality of optical sampler 

a second input port that is capable of receiving a clock nodes include at least one Terahertz Optical Asymmetric 

• ,. Demultiplexer. 

_ _ . , -r^t., 19- The optical sampler system as recited in claim 16, 

at least one Terahertz Optical Asymmetric Demultiplexer comprising an optical-to-electronic converter stage 

(TOAD) that is configured to receive the analog optical ^ t0 at lcast onc of said pluralily of output ports> and 

waveform and the clock signal; and configured to receive said sampled optical waveform and to 

an output port, from which is output a sample of the convert said modulated optical waveform into an electronic 

analog optical waveform, the sample being provided to waveform. 

the output port based on an output of at least one 20. The optical sampler system as recited in claim 19, 
TOAD; 20 further comprising an analog-to-digital converter stage con- 
wherein the analog optical waveform is sampled when nected to said optical-to-electronic converter stage, and 
said TOAD is triggered by the clock signal. configured to convert said electronic waveform into a digital 

12. The analog optical sampler as recited in claim 11, signal. 

wherein at least one of the first input port, the second input 21. The optical sampler system as recited in claim 20, 

port, and the output port includes an optical waveguide or an 25 wherein said plurality of optical sampler nodes produce said 

optical fiber. plurality of sampled waveforms on a plurality of parallel 

13. The analog optical sampler as recited in claim 12, channels, respectively, the plurality of parallel channels 
wherein distinct polarizations or colors are used to multiplex corresponding to n in number, n being an integer greater than 
the first and second input ports on a same optical waveguide one, 

or optical fiber. 30 wherein n multiplied by a first sampling rate of the 

14. The analog optical sampler as recited in claim 11, conversion by said plurality of optical sampler nodes is 
wherein the at least one TOAD includes a Mach-Zehnder approximately equal to a second sampling rate of said 
interferometer. analog-to-digital converter stage. 

15. An optical sampler system, comprising: 22. The optical sampler system as recited in claim 16, 
a first input port, which receives an optical analog wave- 35 wherein distinct signal levels of at least one of said copies 

form that is to be sampled; of said optical clock signal and said copies of said optical 

a second input port, which receives an optical clock signal analog waveform through distinct paths in said first and 

at a clock rate- second distribution networks are provided as correction 

a plurality of optical samplers, which produce a plurality _ si S nak "«> to a calibration of subsequent magnitude 

of sampled optical waveforms from said optical analog 40 measurements of said optical sampler system, 

waveform at a rate dependent on said clock signal, at 23 ' °P tlcal sam P lcr s y stem ' «"»Pns«g: 

least one of said plurality of optical samplers including a plurality of high-speed optical shutters, each having a 

a Terahertz Optical Asymmetric Demultiplexer signal input port capable of receiving an optical input 

(TOAD); and signal, a trigger input port capable of receiving an 

a plurality of output ports, which output said plurality of °P tical cIock si B nal > and an °*P ut P 0 * 

sampled optical waveforms. a flrst °P tical distribution network, which receives an 

16. An optical sampler system, comprising: °P'ic»l clock si S nal and deliveis a corresponding opti- 
a plurality of first input ports for receiving an optical cal clock s, f nal 10 lhe tri S8 er in P ut P ort of each °P tical 

analog waveform; 50 shut,er ; and 

a plurality of second input ports for receiving an optical a second °P li f al ^bution network, which receives an 

clock signal at a clock rate; °P llca ana °8 waveform and delivers a corresponding 

„ , , . , optical analog waveform to the signal input port of each 

a plurality of optical sampler nodes for respectively optical shutter- 
producing a plurality of sampled optical waveforms . . . . , 

from said optical analog waveform at a rate dependent 55 ™ h ™ in > f ° r each , optical shutter the corresponding opti- 
on said clock signal- cal clock Slgnal 15 s y ncnromzed Wlth the corresponding 
, . , . . . optical analog waveform to open and close a gating 
a pluralily of output ports for respectively outputting said ^ dmiag which the optical shutter produces an 
plurality of sampled optical waveforms; optica , waveform sample 

on its output port. 

a first optical distribution network for replicating and 50 24. The optical sampler system of claim 23, wherein the 

delivering a plurality of copies of said optical clock high-speed optical shutter is a TOAD, 

signal; and 25. The optical sampler system of claim 23, wherein the 

a second optical distribution network for replicating and high-speed optical shutter is open for a duration in the range 

delivering a plurality of copies of said optical analog from about 0.01 psec to about 100 psec. 

waveform, said second optical distribution network 65 26. The optical sampler system of claim 23, wherein the 

including delay lines of differing optical lengths so as optical waveform sample produced by each optical shutter is 

to provide each of said plurality of optical sampler substantially unique. 
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27. The optical sampler system of claim 23, wherein the 
second optical distribution network comprises delay lines of 
differing optical lengths. 

28. The optical sampler system of claim 23, wherein the 
first optical distribution network comprises delay lines of 5 
differing optical lengths. 

29. The optical sampler system of claim 23, further 
comprising an optical-to-electronic converter stage con- 
nected to the output ports of the plurality of high-speed 10 
optical shutters. 

30. The optical sampler system of claim 23, wherein the 
first and second optical distribution networks each include 
an optical path over which correction signals are provided to 
correct a calibration of subsequent magnitude measurements 15 
of the optical waveform samples. 

31. A method of sampling an optical signal, comprising 
the steps of: 
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receiving a continuous optical analog signal having an 
intensity that may be any value within two predeter- 
mined intensity limits; 

receiving an optical triggering signal; 

providing the continuous optical analog signal to an 
optical shutter; 

providing the optical triggering signal to the optical 
shutter; and 

outputting from the optical shutter, a discrete sample 
segment of the continuous optical analog signal. 

32. The method of claim 31, wherein the optical shutter is 
a high-speed optical shutter. 

33. The method of claim 32, wherein the high-speed 
optical shutter is a TOAD. 

34. The method of claim 31, wherein the duration of the 
discrete sample segment is within a range of about 0.01 psec 
to about 100 psec. 

***** 
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AUTOMATIC A/D CONVERT POSITIONING 
CIRCUIT AND METHOD 

The priority benefits of the Aug. 31, 2000 filing date of 
provisional application Ser. No. 60/229,122 and of the Aug. 
31, 2000 filing date of provisional application Ser. No. 
60/229,054 are hereby claimed. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to positioning the sample 
time of an analog to digital converter in a periodic wave- 
form. 

2. Description of Related Art 

It is desired to be able to position the A/D converter pulse 
in a very narrow window of time and to perform the correct 
placement over various temperature ranges, supply voltage 
variations, and component lot to lot variations. In the past, 
the window of time was set large enough so that any 
variations in the time placement would not exceed the 
window width. However, now that there is a greater demand 
for faster camera sensors and other equipment, this window 
has shrunk and the old method is no longer adequate. In the 
past, the time window of the A/D converter position was 
large enough to accommodate slight variations due to tem- 
perature variations, voltage variations and lot to lot varia- 
tions. The new method is an improvement because it will 
now be possible to shrink the convert window, and as a 
result, be able to increase the maximum frequency of 
operation and provide optimal performance over all operat- 
ing conditions. 

Such variations as clock driver lot to lot variations, 
voltage and temperature delay variations, analog processing 
lot to lot variations, timing generation lot to lot variations, 
and A/D aperture delay lot to lot variations are critical at 
high speed where timing margin is near zero. These vari- 
ables are continuously monitored with the present invention 
and corrected using a digital algorithm and a new delay line 
capable of "jittering" the sample pulse for one full clock 
period. 

SUMMARY OF THE INVENTION 

It is an object to the present invention to automatically 
position the sample time of an analog to digital converter. 

These and other objects are achieved in a circuit that 
includes a programmable delay circuit, an A/D circuit trig- 
gered by the programmable delay circuit and a jitter correc- 
tion algorithm processor coupled to insert a standard signal 
into the A/D circuit and to control the programmable delay 
circuit. 

Alternatively, these objects are achieved with a method 
that includes steps of measuring a calibration function, 
correlating the measured calibration circuit with a known 
function, and determining a jitter control delay value from a 
result of the step of correlating. 

BRIEF DESCRIPTION OF DRAWINGS 

The invention will be described in detail in the following 
description of preferred embodiments with reference to the 
following figures wherein: 

FIG. 1 is a block diagram of a representative circuit of the 
invention; 

FIG. 2 is a block diagram of the programmable delay 
circuit of the invention; 
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FIG. 3 is a schematic diagram of a delay line and 
multiplexer of the invention; 

FIG. 4 is a block diagram of a jitter correction algorithm 
processor, 

5 FIG. 5 is a flow chart of a representative algorithm 
according to the invention; 

FIG. 6 is a flow chart of a representative method to 
measure the calibration function according to the invention; 

10 ancl 

FIG. 7 is a graph illustrating the signal into the A/D 
converter that is processed by the invention based on an 
imaging sensor chip as a signal source where imaging pixels 
are preceded by a "white" calibration reference then two 
15 dark pixels (the jittered position is illustrated). 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

In FIG. 1, circuit 10 includes timing generator 12 for 

20 generating timing and control signals to control signal 
source 14. Signal source 14 is preferably a CMOS or CCD 
imaging sensor with associated clock drivers, but could be 
another type of source such as a communications source 
such as an "eye" detector. Source 14 generates an analog 

25 data signal that includes a test signal incorporated in the 
signal datastream. The signal datastream, including test 
signal, is processed through analog processor 16 through to 
analog to digital converter 18 (A/D converter or ADC). 
Timing generator 12 also produces an A/D sample pulse that 

30 passes through programmable delay circuit 20 to provide a 
jitter adjusted sample pulse to be used as the sample trigger 
for A/D converter 18. The digital sampled data from A/D 
converter 18 is provided to and processed by jitter correction 
algorithm processor 22. The test signal in the datastream is 

35 a calibration signal that is periodically inserted in the signal 
datastream. For example, in the case of a CCD or CMOS 
sensor, a pixel data line is read out to include a couple of 
"dark" pixels, a line of signal pixels, a couple more "dark" 
pixels and a test pixel, actually a reference white pixel, and 

40 the data line is repeated. In the case of communication 
system, a test signal might be a reference "eye" inserted in 
the datastream. 

Timing generator 12 also provides to jitter correction 
algorithm processor 22 a calibration signal to indicate when 

45 a test signal is present in the datastream sampled by A/D 
converter 18. In any particular design, the calibration signal 
may be a pulse in advance of the actual test signal in the 
datastream. In order to control the programmable delay 
circuit 20, jitter correction algorithm processor 22 issues a 

50 jitter offset signal to the programmable delay circuit 20. 
Timing generator 12 also provides a jitter select signal to 
programmable delay circuit 20. The jitter select signal 
causes programmable delay circuit 20 to jitter the delay 
through programmable delay circuit 20 (i.e. jitter the jitter 

55 adjusted sample pulse) by an amount defined by the jitter 
offset received from jitter correction algorithm processor 22. 
However, timing generator 12 controls the timing of the 
datastream from signal source 14 and the jitter select signal 
so that the jitter adjusted sample pulse is only jittered when 

60 the test signal is present in the datastream and about to be 
sampled by A/D converter 18. This will be described in 
further detail with respect to a discussion of programmable 
delay circuit 20. 
Jitter correction algorithm processor 22 collects digital 

65 data corresponding to the output of A/D converter 18 when 
the test signal is being digitally sampled. Typically, 5 to 30 
different sample positions, preferably 10 to 20 sample 
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positions, spanning a critical time interval, are used to 
sample the test signal by A/D converter 18. At each sample 
position, plural samples may be take to obtain averages. For 
example, with a CCD or CMOS sensor having 525 lines of 
pixels (as in an NTSC TV television standard), each frame 
provides 525 opportunities to measure the test signal. Jitter 
correction algorithm processor 22 maybe structured to col- 
lect 35 data samples at each jittered position of 15 sample 
position spanning the test signal (15*35=525). For each of 
the 15 sample positions, the 35 samples taken at the sample 
position are averaged to determine the mean signal strength 
at the sample position, and a square root of a variance of the 
35 samples around the mean signal strength at the sample 
position is determined as a measure of the noise. From this, 
the signal to noise ratio at each jittered sample position can 
be determined. The mean signal strength at all the 15 sample 
positions defines a measured test function or calibration 
function. 

The calibration function is correlated with a known ref- 
erence function to determine the optimum sample point as 
discussed below. Alternatively, a maximum value of the 
signal to noise ratio is selected from the plural sample 
positions (e.g., 15 sample positions in this case). 

In FIG. 2, A/D sample pulse from timing generator 12 is 
provided to an input of input buffer 214 as a clock signal. 
Input buffer 214 provides the clock pulse to delay chain 212. 
Delay chain 212 includes plural inverter circuits in a chain 
(for example, 128 or 256 inverter circuits) generating a 
multi-tap delay line. Multiplexer 222 is coupled to the 
plurality of taps generated by delay chain 212 and controlled 
by shift signal 252 to select a single tap signal 226 that is 
provided to an input of output buffer 216 that provides the 
jitter adjusted sample pulse to A/D converter 18. 

In FIG. 2, jitter offset signal 242 is an offset to circuit 
delay signal 234. Jitter offset signal 246 from jitter correc- 
tion algorithm processor 22 is stored in register 244 (or 
register 244 might be the output register of processor 22) as 
signal 242 and added to circuit delay signal 234 in adder 238 
to provide jittered signal 235. Tap counter 236 provides 
circuit delay signal 234 where either signal INCREMENT or 
signal DECREMENT (from processor 22) increments or 
decrements counter 236 synchronously with the pulse signal 
226. Multiplexer 250 provides shift signal 252 by selecting 
either circuit delay signal 234 or jittered signal 235 accord- 
ing to a value of select signal 248. Select signal 248 comes 
either directly from timing generator 12 or, preferably, from 
D type flip flop 240 (as shown) that is set synchronously by 
pulse signal 226 where the jitter position input to D type flip 
flop 240 comes from timing generator 12. 

In operation, a clock pulse (e.g., A/D sample pulse from 
timing generator 12) passes through input buffer 214 and 
enters delay chain 212. Multiplexer 222 selects single tap 
226 from all taps 224 of delay chain 212 based on shift 
signal 252 used as a selection address. Single tap 226 passes 
through output buffer 216 to trigger a sample at A/D 
converter 18 (see FIG. 1). Shift signal 252 is provided by 
multiplexer 250 by selecting either circuit delay signal 234 
or jittered signal 235 according to a value of select signal 
248. 

Assume for a moment that select signal 248 is set so that 
multiplexer 250 selects only circuit delay signal 234 to be 
provided as shift signal 252. In this case, processor 22 is free 
to increment or decrement counter 236 to adjust the delay 
between when a clock pulse enters input buffer 214 and exits 
output buffer 216. The question is, how does processor 22 
know whether to increment or decrement? 
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To understand this, assume that the circuit of FIG. 2 is 
used to input the A/D sample pulse from timing generator 12 
and to output a pulse timed to strobe A/D converter 18 that 
samples the sensor's output video data stream. Assume 

5 further that the video data stream (a single analog signal) 
has, in sequence, a couple of dark pixels, a line of data 
pixels, a couple more dark pixels and then a reference white 
pixel, and the sequence repeats. Processor 22 is now able to 
increment or decrement counter 236 based on data received 
that corresponds to the reference white pixel. 

To measure and determine a desired offset, processor 22 
loads an offset into offset register 244 that is selected within 
a range from minus a value to plus the value (e.g. 15 sample 
positions from -7 to +7 as discussed in the example above): 
Then, just before the last pixel before the reference white 

15 pixel is being read out, the jitter position signal from 
processor 22 is set to be loaded in D type flip flop 240 when 
A/D converter sample pulse for the last pixel passes through 
output buffer 216. This causes multiplexer 250 to provide 
jittered signal 235 as shift signal 252. Now, when the 

20 reference white pixel is converted in A/D converter 18 based 
on the jittered timing of a strobe from output buffer 216, its 
sample point will be jittered plus or minus around the count 
located in counter 236 according to the value in jitter register 
244. 

25 Just before the pulse that strobes the reference white pixel 
passes through output buffer 216, the jitter position signal 
from processor 22 is reset so that upon the strobe, D flip flop 
240 is reset and multiplexer 250 again provides circuit delay 
signal 234 from counter 236 as shift signal 252. The result 

30 of this measurement process is that a single A/D converter 
sample has been taken of the reference white pixel at a 
strobe time defined by offset jitter signal 246 for each line 
from the datastream. 
This process is repeated for each video line of the sensor, 

35 collecting one calibration sample at a jittered position for 
each line. After a number of lines, the reference white pixel 
will have been sampled over a sequence of offset jitter times 
so as to trace out a complete timeline of the reference white 
pixel in what is referred to as a calibration function. Pro- 

40 cessor 22 then correlates this calibration function with a 
similar known function to determine the optimal time posi- 
tion for A/D converter sampling. Alternatively, processor 22 
determines the jitter offset that produces a sample position 
that exhibits the greatest signal to noise ratio, and then 

45 determines the optimal time position for A/D converter 
sampling based on a maximum signal to noise ratio. Pro- 
cessor 22 then increments or decrements counter 236 to 
adjust the sampling time of the rest of the video lines 
following a determination that the optimal sample time has 

50 shifted. 

This jitter process determines whether or not a convert 
position is optimal. Typically, only one pixel is used to 
determine the optimal position of, for example, an A/D 
converter convert pulse. The increment and decrement sig- 

55 nals are provided to control tap counter 236. This tap counter 
implements a programmable delay that is updated once per 
frame based on plural samples collected once per line via an 
algorithm inside processor 22. 
In FIG. 3, programmable delay circuit 20 includes plural 

60 inverter circuits 212A in a chain (for example, 128 or 256 
inverter circuits). The inverter chain is tapped at various 
points by multiplexer 222 according to shift signal 252 (a 
delay select signal) provided to the multiplexer. The A/D 
sample pulse from timing generator 12 is provided into the 

65 input of the inverter chain, and the output of the multiplexer 
222 is an A/D clock that carries the jitter adjusted sample 
pulse. 
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In FIG. 4, jitter correction algorithm processor 22 
includes a microprocessor 24, data memory 26, program 
memory 28 and input/output logic 30, or other suitable 
processing arrangement (e.g., ASIC, FPLA, etc.). Processor 
22 receives as inputs the digitized signal 19 from A/D 
converter 18 and a calibration signal from timing generator 
12 that identifies when a reference test signal will be 
sampled by A/D converter 18. Processor sends as output 
jitter offset 23 to programmable delay circuit 20 to jitter the 
sample time of each reference test signal embedded in the 
datastream. When sufficient jittered data has been sampled 
to determine that an offset is needed for all data being 
sampled, increment and decrement commands to the tap 
counter are issued by processor 22. In processor 22, the jitter 
correction algorithm will shift the position of the A/D 
converter clock (using increment and decrement), in time, 
based on a generalized performance (jitter correction) algo- 
rithm. Utilization of a pre-specified "white" pixel is 
employed in the jitter correction algorithm, or in cases where 
the "white" pixel is not available, any standard imaging 
pixel can be utilized. The algorithm functions in a manner to 
optimize (maximize) the response due to the aforementioned 
"white" pixel and/or minimize noise. The algorithm works 
by moving the A/D converter sample clock back or ahead in 
time while monitoring the output response due to the 
selected reference pixel. The moving back or ahead in time 
of the A/D converter sample clock is performed by a new 
programmable delay circuit (FIG. 2). The delay select signal 
chooses which tap of the inverter chain to direct the A/D 
converter sample clock signal and hence can control the 
delay to a resolution determined by the propagation delay 
through one inverter. 

This invention will allow, for example, a camera, to 
operate reliably at higher frequencies. The programmable 
delay circuit part of the invention may be used in other 
applications that require the use of a programmable delay 
that can be changed "on the fly". 

Typically, CMOS buffers will have plus or minus 1 
nanosecond drift over the operating temperatures and volt- 
ages. This drift, lot to lot, is about 5 nanoseconds according 
to many data sheets. An A/D converter has about plus or 
minus 0.5 nanoseconds drift over temperature and voltages 
of aperture delay. Lot to lot delay may be assumed to be plus 
or minus 1.5 nanoseconds. Adding up the delays one gets 
approximately 10 nanoseconds variability, lot to lot, and 
plus or minus 1.5 nanoseconds over temperature. This 
assumes stable analog delays. In a sensor chip with corre- 
lated double sampling with overdrive, the delay has about a 
3 nanosecond window. The programmable delay line 
approach should compensate for variations in a range from 
minus 1.5 nanoseconds to plus 14.5 nanoseconds (a 16 
nanoseconds range). The resolution should be at least 5 steps 
in a 3 nanosecond window. This translates to 0.6 nanosec- 
onds per step. Preferably 10 steps would be available in a 3 
nanosecond window, or 0.3 nanoseconds. Therefore, to 
achieve a variable delay in a range from minus 1.5 nano- 
seconds to 14.5 nanoseconds (a 16 nanosecond range), 32 
steps might be required at 0.5 nanoseconds per step. 

Sometimes inductance-capacitance cells may be used for 
delay lines; however, phase jitter due to unrelated switching 
may result in and create undesirable effects. Furthermore 
such delay lines are not consistent, lot to lot, or part to part, 
or over temperature. 

In FIG. 5, a flow chart of the jitter correction algorithm 
includes loop controls 5 10 A, 510B, 512 A and 5 12 B. Loop 
controls 510A and 510B merely loop enough times to obtain 
sufficient calibration samples to perform good averaging. In 
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the NTSC example discussed above, 35 loops are per- 
formed. Loop controls 512A and 512B alter the jitter offset 
for the measurements. In the NTSC example discussed 
above, 15 loops are performed. At the beginning of each 
5 loop, the next offset (not the current one being measured) is 
selected at step 514, and the algorithm calls signal line 
processing 600, a step discussed below with respect to FIG. 
6. 

After all loops are performed by loop controls 510A, 

10 510B, 512A and 512B, the stored data is processed in step 
520. This might mean an end of a frame of signal lines as in 
the NTSC example discussed above, or it might mean at the 
end of a predetermined number of signal lines whether or not 
organized in frames. In step 520, the data is set into bins 

1 5 corresponding to each jittered offset. All test signal values 
within a bin (i.e., a single offset value) are averaged. FIG. 7 
depicts a representative graph of a signal datastream with a 
white reference test signal at the end of the datastream. In the 
NTSC example discussed above, the 15 averaged sample 

20 values will trace out a curve that is a discrete time sampled 
version of the white reference test signal. 

In step 530, a new optimum sample point is determined. 
One way to do this is to determined the signal to noise ratio 
of measured data at each sample point. The signal is the 

25 average signal value determined by step 520. A noise metric 
at each jittered offset is determined by calculating, for 
example, the square root of a variance about the mean of all 
test signal values within a bin (i.e., at a single offset value). 
Then, the ratio can be determined. The greatest signal to 

30 noise value indicates the optimum signal point. Presumably, 
the noise is somewhat consistent at each jittered sample 
point, thus, the signal noise ratio will tend to peak where the 
averaged signal is greatest. The optimal sample point is 
taken as the offset where the signal to noise ratio is greatest. 

Alternatively, the optimal sample point may be deter- 
mined by correlating in time the measured calibration func- 
tion (i.e., the averaged measurements at each jitter sample 
position) with a known calibration function and choosing the 
expected optimal point of the known function based on an 
offset of the measured calibration function from a known 
calibration function. 

In step 540, the value of tap counter 236 (FIG. 2) is 
incremented or decremented to adjust the count value to 

45 perform optimal sampling at all points in the datastream, not 
just the test signal. For example, if jittered offsets are tested 
between -7 and +7 tap positions relative to the value of tap 
counter 236, where the 0 tap position is taken to be the 
current value of the tap counter, and if the optimal jittered 

50 offset is calculated to be +1, then the tap counter will be 
incremented. Then, during the next frame of data (or plu- 
rality of lines of data, if not organized in frames), the optimal 
jittered offset will be reduced to a 0 tap position again unless 
further delay line jitter occurs. 

55 In FIG. 6, signal line processing 600 includes the steps of 
step 610 of waiting for the calibration signal from the timing 
generator, step 620 of reading the A/D converter value and 
storing it with the current offset value, and step 630 of 
setting up the next offset value by outputting the next offset 

60 value to programmable delay circuit 20 to be ready for the 
next time that timing generator 12 strobes programmable 
delay circuit 20 with a jitter select. 

In FIG. 7, there is illustrated a timeline of a signal source 
coming from a pixel line of an imaging sensor. A white 

65 reference pixel is included in the datastream. The jitter 
position is shown with the white reference pixel to be varied 
over a limited range where the white reference pixel has its 
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maximum value. Once this variation is sampled and corre- 
lated according to the jitter correction algorithm, the correct 
value for the jitter delay is set for the next line. 

Having described preferred embodiments of a novel A/D 
convert positioning circuit and method (which are intended 
to be illustrative and not limiting), it is noted that modifi- 
cations and variations can be made by persons skilled in the 
art in light of the above teachings. It is therefore to be 
understood that changes may be made in the particular 
embodiments of the invention disclosed which are within the 
scope and spirit of the invention as defined by the appended 
claims. 

Having thus described the invention with the details and 
particularity required by the patent laws, what is claimed and 
desired protected by Letters Patent is set forth in the 
appended claims. 

What is claimed is: 

1. A circuit comprising: 

a programmable delay circuit to provide a strobe; 
an A/D circuit triggered by the strobe; and 
a jitter correction algorithm processor coupled to control 
the programmable delay circuit to jitter in time the 
strobe when a test sample is input into the A/D circuit. 

2. A circuit comprising: 

a programmable delay circuit to provide a sequence of 

delayed pulses; 
an A/D circuit to convert a sequence of values into digital 

values sampled at times defined by the sequence of 

delayed pulses; and 
a jitter correction circuit to adjust the programmable delay 

circuit based on a sequence of digital values from the 

A/D circuit sampled at times defined by the sequence of 

delayed pulses. 

3. The circuit of claim 2, further comprising a timing 
generator, wherein timing generator provides the jitter cor- 
rection circuit with a calibration signal to define when a test 
signal will be input into the A/D converter. 

4. The circuit of claim 3, wherein the jitter correction 
circuit includes: 

an input to receive the sequence of digital values and the 

calibration signal; 
an output to provide a jitter oflset; 
a processor coupled to the input and to the output; and 
a memory coupled to the processor. 

5. The circuit of claim 4, wherein the jitter correction 
circuit includes a line processing module stored in the 
memory to control the processor, wherein the line process- 
ing module includes: 

a sub-module to wait for receipt of the calibration signal; 
a sub-module to read a value from the A/D converter and 

store the value and a current offset in a data memory; 

and 

a sub-module to provide a next jitter value to the pro- 
grammable delay circuit. 

6. The circuit of claim 5, wherein the jitter correction 
circuit further includes: 

a module to select a next jitter offset; and 

a module to iteratively repeat the module to select a next 

jitter offset and the sub- modules of the line processing 

module. 

7. The circuit of claim 6, wherein the jitter correction 
circuit further includes: 

a module to determine a calibration function; 
a module to determine an optimum sample point from the 
calibration function; and 
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a module to adjust the programmable delay circuit based 
on the optimum sample point. 

8. The circuit of claim 2, wherein the jitter correction 
circuit includes: 

an input to receive the sequence of digital values; 

an output to provide the jitter control delay value and a 

multiplexer control signal, the multiplex control value 

being coupled to the multiplexer; 
a processor coupled to the input and to the output; and 
a memory coupled to the processor. 

9. The circuit of claim 8, wherein the memory has stored 
therein modules for controlling the processor, the modules 
including: 

a first module to control the processor to measure a test 

signal transmitted as part of a datastream at a plurality 

of offsets from a nominal sample time; 
a second module to control the processor to determine an 

average measured value at each offset; and 
a third module to control the processor to determine an 

optimal offset from the nominal sample time. 

10. The medium of claim 9, further comprising a fourth 
module to control the processor to adjust a programmable 
delay circuit according to the optimal oflset. 

11. The medium of claim 9, wherein the first module 
includes: 

a first sub-module to control the processor to select an 

offset for a next test sample; 
a second sub -module to control the processor to wait for 

a calibration signal from a timing generator; 
a third sub-module to control the processor to measure a 

digital value of the test signal at a current offset when 

the calibration signal is received; and 
a fourth sub-module to control the processor to set the 

selected next offset in a programmable delay circuit. 

12. The circuit of claim 2, wherein the circuit is a circuit 
integrated on a single chip. 

13. The circuit of claim 2, wherein the circuit is part of a 
sensor integrated on a single chip. 

14. A circuit comprising: 

a programmable delay circuit; 

an A/D circuit triggered by the programmable delay 
circuit; and 

a jitter correction algorithm processor coupled to examine 
a test signal transmitted as part of a data stream and to 
control the programmable delay circuit. 

15. A method comprising steps of: 

measuring a test signal transmitted as pari of a datastream 
at a plurality of offsets from a nominal sample time; 
determining an average measured value at each offset; and 
determining an optimal offset from the nominal sample 
time. 

16. The method of claim 15, further comprising a step of 
adjusting a programmable delay circuit according to the 
optimal offset. 

17. The method of claim 15, wherein the step of measur- 
ing a test signal includes steps of: 

selecting an offset for a next test sample; 

waiting for a calibration signal from a timing generator; 

measuring a digital value of the test signal at a current 

offset when the calibration signal is received; and 
setting the selected next offset in a programmable delay 

circuit. 

18. A computer readable medium having stored therein 
modules for controlling a processor, the modules including: 
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a first module to control the processor to measure a test 

signal transmitted as part of a datastream at a plurality 

of offsets from a nominal sample time; 
a second module to control the processor to determine an 

average measured value at each offset; and 
a third module to control the processor to determine an 

optimal offset from the nominal sample time. 

19. The medium of claim 18, further comprising a fourth 
module to control the processor to adjust a programmable 
delay circuit according to the optimal offset. 

20. The medium of claim 18, wherein the first module 
includes: 
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. first sub-module to control the processor to select an 

offset for a next test sample; 
i second sub -module to control the processor to wait for 

a calibration signal from a timing generator; 
i third sub-module to control the processor to measure a 

digital value of the test signal at a current offset when 

the calibration signal is received; and 

i fourth sub-module to control the processor to set the 
selected next offset in a programmable delay circuit. 



03/17/2004, EAST Version: 1.4.1 



(12) United States Patent 

Myers et al. 



iiiiiiiiiniiiiiiiiiiinii 

US006430715B1 

(10) Patent No.: US 6,430,715 Bl 
(45) Date of Patent: Aug. 6, 2002 



(54) PROTOCOL AND BIT RATE INDEPENDENT 
TEST SYSTEM 

(75) Inventors: Kenneth T. Myers; Douglas J. 

Gardner, both of Palm Harbor, FL 
(US) 

(73) Assignee: Digital Lightwave, Inc. 

( * ) Notice: Subject to any disclaimer, the term of this 
patent is extended or adjusted under 35 
U.S.C. 154(b) by 0 days. 

(21) Appl. No.: 09/533,582 

(22) Filed: Man 23, 2000 

Related U.S. Application Data 

(60) Provisional application No. 60/154,686, filed on Sep. 17, 
1999. 

(51) Int. CI. 7 G06F 11/00; G01R 31/28 

(52) U.S. CI 714/704; 714/712 

(58) Field of Search 714/704, 708, 

714/709; 375/321, 224; 359/110, 180 

(56) References Cited 

U.S. PATENT DOCUMENTS 

4,451,916 A • 5/1984 Casper et al 714/4 

4,475,210 A * 10/1984 Couch 375/224 

4,633,465 A * 12/1986 Fitch et al 714/709 



4,809,306 A * 2/1989 Somer 375/376 

4,941,161 A • 7/1990 Cook 377/28 

5,333,147 A * 7/1994 Nohara et al 375/224 

5,491,722 A * 2/1996 Jones et al 375/224 

5,557,647 A * 9/1996 Kushige et al 375/371 

5,617,238 A ♦ 4/1997 Bogdan et al 359/110 

5,724,362 A * 3/1998 Lau 714/704 

5,774,242 A • 6/1998 O'Sulltvan et al 359/110 

5,870,211 A • 2/1999 Yoshida 359/110 

6,084,931 A * 7/2000 Powell, II et al 375/355 

6,115,416 A ♦ 9/2000 Katsman et al 375/224 

6,148,423 A * 11/2000 Le Mouel et al 714/708 



* cited by examiner 

Primary Examiner — Albert Decady 

Assistant Examiner—, Joseph D. Torres 

(74) Attorney, Agent, or Firm— Holland & Knight LLP 

(57) ABSTRACT 

A protocol and bit rate independent test system for detecting 
bit errors on a digital communications channel regardless of 
format or rate, comprising a receiver for receiving an input, 
a clock recovery unit, a threshold sampling circuit for 
providing at least two threshold detectors for respective two 
sampling points including at least one static sampling point 
positioned proximate to the center of an eye pattern and at 
least one dynamic sampling point, the output of which are 
sampled by the recovered clock and if the signal passes 
between the thresholds, an error signal is generated and 
counted. 

28 Claims, 5 Drawing Sheets 



c-18F 



Optical 
Input 




Threshold 
Adjustment 
N 






DFHp-FtopN 






Phase Adjust N 



± 



18P 



' 6S "u 

Interfaces 
to ail 
Control 



Error 
Detection 



r 



Protection 

Switch 

Monitor 



Highspeed 
Control end 
High Speed 
InformaUan 



"7T 



Interface to 

System 

Controter 



Continuous 

Clock 

Recovery 






Frequency 
Measurement 







Error 



16C 



J 



14 



Protection 

Switch 

Signal 



z 2 



03/17/2004, EAST Version: 1.4.1 



U.S. Patent Aug. 6,2002 



Sheet 1 of 5 



US 6,430,715 Bl 




03/17/2004, EAST Version: 1.4.1 



U.S. Patent 



Aug. 6, 2002 



Sheet 2 of 5 



US 6,430,715 Bl 



CO 



S3 

© o 
2l 

Q. CO 



^ Is 



S S 

s| 



c 
o 



Jill 

QL CO Q O 




CM 



00 




2a 
I 2 § £ 

>HWO 



o 

CO 

< 



c 

o £ 
c £ 



T 



> tr o 



N 



L 



c 

_ ® * 2 
* $ 3 

O CT « 2 















St 





03/17/2004, EAST Version: 1.4.1 



U.S. Patent 



Aug. 6, 2002 



Sheet 3 of 5 



US 6,430,715 Bl 




03/17/2004, EAST Version: 1.4.1 



U.S. Patent Aug. 6, 2002 Sheet 4 of 5 US 6,430,715 Bl 




03/17/2004, EAST Version: 1. 



4.1 



U.S. Patent 



Aug. 6, 2002 



Sheet 5 of 5 



US 6,430,715 Bl 




03/17/2004, EAST Version: 1.4.1 



US 6,430 : 

1 

PROTOCOL AND BIT RATE INDEPENDENT 
TEST SYSTEM 

CROSS-REFERENCE TO RELATED 

APPLICATIONS s 

This application is a utility application based upon and 
claiming priority of provisional application No. 60/154,686, 
filed Sep. 17, 1999. The disclosure of the provisional appli- 
cation is incorporated herein in its entirety by reference. 

10 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

This invention relates to a protocol and bit rate indepen- 
dent test system for digital communication systems. More 15 
particularly, this invention relates to systems that are able to 
detect bit errors on a digital communications channel regard- 
less of format or rate. 

2. Description of the Background Art 

In digital communication systems, particularly dense 20 
wavelength division multiplexed (DWDM) optical systems, 
multiple signal formats may exist on the same communica- 
tions link at different wavelengths. It is useful to be able to 
extract a signal and determine its health. Hence, there is a 
need to have a protocol independent and bit rate independent 25 
test capability that can (1) detect a single defective bit, (2) 
monitor the traffic error rate and (3) provide a protection 
switch signal within milliseconds of exceeding the error 
threshold condition, and to embed such a test head on every 
wavelength of the communications system, such as a 30 
DWDM system, so as to support such systems where the 
traffic on different wavelength channels are different proto- 
cols and different bit rates. The channels will contain 
unknown protocols as purchased by the customers. In such 
a scenario, the customer can buy a wavelength of light and 35 
the service carrier does not control the rate or protocol of the 
traffic. This creates a difficult testing condition since the 
service provider needs a way to verify error free 
transmission, provide protection switching and location of 
the fault condition. The service provider therefore needs a 40 
test capability that is bit rate and protocol independent. 

Heretofore it has been known that the performance of a 
communications link, such as a fiber optic link, known as Q 
factor measurement, is reflected by interpreting the eye 
pattern of the waveforms of a series of pulses. A typical eye 45 
pattern is depicted in FIG. 1. The optimal time for sampling 
the data signals and the optimal level (the threshold level) at 
which to distinguish between zeros and ones is the center of 
the eye. Further, it is known that the height of the central eye 
opening determines noise margin in receiver output, the 50 
width of the signal band at the corner of the eye depicts the 
jitter or variation in pulse timing in the system, the thickness 
of the signal line at top and bottom of the eye is proportional 
to noise and distortion in the receiver output, and transitions 
between top and bottom of the eye pattern show the rise and 55 
fall times of the signal that can be measured on the eye 
pattern. More complete descriptions of eye measurements 
(and of receivers and other components) can be found in the 
following references, the disclosures of each of which are 
incorporated by reference herein: Joseph C. Palais, Third 60 
Edition Fiber Optic Communications, Prentice Hall, Engle- 
wood Cliffs, N.J., 1992; John B. Anderson, Digital Trans- 
mission Engineering, IEEE Press, Piscataway, N.J., 1999; 
Stephen B. Alexander Optical Communication Receiver 
Design, SPIE Optical Engineering Press, Bellingham, 65 
Wash., 1997; Govind P. Agrawal Fiber -Optic Communica- 
tion Systems, John Wiley & Sons, Inc, New York N.Y., 1997; 
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Kaminow and Koch, Optical Fiber Telecommunication IIIA, 
Academic Press Limited, 1997; and Anderson and Lyle, 
Technique for Evaluating System Performance Using Q in 
Numerical Simulations Exhibiting Intersymbol Interference, 
Electronics Letters, Vol. 30, No. 1, Jan. 6, 1994. 
Unfortunately, Q measurements does not provide a real-time 
measurement or a single -bit error detection capability. 

An object of this invention is to provide a bit rate and 
protocol independent test apparatus and method that can be 
embedded on every wavelength of a communications system 
such as a DWDM system. 

Another object of this invention is to provide a bit rate and 
protocol independent capability that can (1) detect a single 
defective bit, (2) monitor the traffic error rate and (3) provide 
a protection switch signal within milliseconds of exceeding 
the error threshold condition of the communications system. 

Another object of this invention is to provide an apparatus 
and method for conducting eye measurements to determine 
the Q factor. 

The foregoing has outlined some of the pertinent objects 
of the invention. These objects should be construed to be 
merely illustrative of some of the more prominent features 
and applications of the intended invention. Many other 
beneficial results can be attained by applying the disclosed 
invention in a different manner or modifying the invention 
within the scope of the disclosure. Accordingly, other 
objects and a fuller understanding of the invention may be 
had by referring to the summary of the invention and the 
detailed description of the preferred embodiment in addition 
to the scope of the invention defined by the claims taken in 
conjunction with the accompanying drawings. 

SUMMARY OF THE INVENTION 

For the purpose of summarizing this invention, this inven- 
tion preferably comprises a discrete implementation or cus- 
tom Application Specific Integrated Circuit (ASIC) includ- 
ing the major components of a receiver, variable rate CRU 
(Clock Recovery Unit), and a very high speed threshold 
sampling module for various static or dynamic sampling 
points positioned in an array (two-dimensional or linear) that 
is able to instantaneously determine the shape of the eye of 
a digital communication system, and very high speed logic 
to process the data. This basic system meets the requirement 
and is the basis for a universal test set. In addition to bit error 
detection, it measures the frequency of the signal. Further 
enhancements includes creating oscilloscope eye diagrams 
and bit capture and post processing to identify the signal 
protocol by post processing. The preferred embodiment of 
the invention has particular application in optical commu- 
nications systems, such as DWDM optical systems, employ- 
ing an optical receiver; however, the invention may be 
incorporated into various other types of digital communica- 
tion systems employing various other types of receivers 
without departing from the spirit and scope of this invention. 

The foregoing has outlined rather broadly the more per- 
tinent and important features of the present invention in 
order that the detailed description of the invention that 
follows may be better understood so that the present con- 
tribution to the art can be more fully appreciated. Additional 
features of the invention will be described hereinafter which 
form the subject of the claims of the invention. It should be 
appreciated by those skilled in the art that the conception and 
the specific embodiment disclosed may be readily utilized as 
a basis for modifing or designing other structures for car- 
rying out the same purposes of the present invention. It 
should also be realized by those skilled in the art that such 
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equivalent constructions do not depart from the spirit and positioned in an array about the other areas of the eye. The 

scope of the invention as set forth in the appended claims. clock recovery unit also feeds the frequency measurement 

unit 14. The D Flip-Flops 18F are fed into an error detection 

BRIEF DESCRIPTION OF THE DRAWINGS circuit 20. The error detection circuit 20 feeds the error 

For a fuller understanding of the nature and objects of the * TT^a^^'T^ C °T°l ^V* °Tt 

, . u . i ji .1 r ii • t , -| j threshold and phase adjustments. A high-speed information 

invention, reference should be had to the following detailed si J£ 16TJ J rocesscs aU m * m ^ming data. The 

ascription taken in connection with the accompanying £ rotcctioi f switch um f 16s proccsscs all the n< f cdcd infor . 

drawing in which. mation and provides the protection switch signal 22. The 

FIG. 1 is a exemplary eye diagram illustrating the various interface unit provides an interface to the system controller 

parameters thereof; 16C. 

FIG. 2 is an overview block diagram of the bit rate and The anticipated first implementation of the invention is 

protocol independent test system invention; disclosed in FIG. 5 that employs the CRU produced by 

FIG. 3 is a high-block diagram of FIG. 2, Vitesse Semiconductor Corp. as disclosed in the article 

FIG. 4 is an exemplary eye diagram incorporating the 15 McCormack, Intelligent Data Recovery, Communication 

invention; and Systems Design, December, 1999, the disclosure of which is 

*• • *t. . , .« ... i • , t t . rr , r ~ - incorporated by reference herein, wherein the D Flip-Flops 

FIG. 5 is the anticipated initial implementation of FIG. 3. 18p ^ ph J adjustment ^ lfip arc >ircd „ P and \ Q 

Similar reference characters refer to similar parts through- which a error dctect ion 20 and counter 20C is provided for 

out the several views of the drawings. ^ eacn pa j r 

DETAILED DESCRIPTION OF THE '^ le tneorv °f operation for each of the components is 

PREFERRED EMBODIMENT described as follows. The input channel is the analog path 

that converts the optical signal into a gain adjusted analog 

Referring to FIG. 2, the preferred apparatus of the inven- electrical signal. This channel includes the Clock Recovery 

tion comprises an optical receiver 10 that is preferably either ^ Unit (CRU) which will extract the clock from the incoming 

PIN photodiode or avalanche photodiode (APD) based, with data. The optical receiver preferably comprises a PIN 

the former providing the lower cost. The invention also receiver followed by an AGC into a variable rate Clock 

comprises a variable rate Clock Recovery Unit (CRU) 12 Recovery Unit (CRU). A PIN receiver and AGC is selected 

that is preferably phase locked loop (PLL) based to provide t0 prov ide a more linear analog channel. The CRU is flexible 

the desired flexibility. Frequency measurement 14 of the 3Q and provides continuous coverage from approximately 45 

invention preferably comprises a high speed prescaler which Mbit/sec to 2.7 Gbit/sec. Frequency measurement consists 

drives a counter and provides a timebase to a protection Q f a high speed pre-scaler that drives a counter. The fre- 

switch detection circuit 16. A processor (not shown) is quency will be measured against a high quality clock source 

provided to measure the length of the divided down fre- t o derive the incoming frequency and also provide a time- 

quency to deterrnine the line rate. 35 base to the protection switch circuit. 

As described below in greater detail, the variable thresh- The sampling block consists of a multiplicity of D Flip- 
old sampling circuit 18 provides a plurality of threshold Flops, such as in the anticipated first implementation, paired 
detectors. The output of these threshold detectors is sampled D Flip-Flops. There are separate controls of decision thresh- 
by the recovered clock. The thresholds are set as a percent- old and phase of the sampling clock. With control of the 
age of peak eye amplitude and may be programmable. A 40 threshold and phase, the entire eye can be sampled or 
minimum of two threshold detectors would be required to scanned across an array as shown in FIG. 4 (the number and 
examine every bit. One threshold would be set in the upper positioning of the data points to be optimally determined), 
area of the eye (i.e., 80% of peak) and the other set in the The following algorithm is provided as an example. The 1" 
lower area of the eye (i.e., 20%). If the signal passes between step is to find the optimum sampling position of the eye, 
the thresholds, it is considered an error. These are counted 45 typically the center C. After finding the optimum sampling 
and may be read by a processor from the Error Detect and position, one of the D Flip-Flops can be positioned at this 
Q Measurement Processing Logic 20. Additional threshold location, hence the labeling "C\ The other D Flip-Flop can 
sampling circuits with spread thresholds may be employed n0 w be used to scan around the eye to determine the 
to provide further resolution and grading of each bit. margins, shape, and quality of the eye. The outputs of this 

The protection switch detection circuit 16 compares the 50 sampling pair are fed to an error detection circuit that can 

counted errors in a given timebase period with a program- determine bit value decision differences (decision errors) on 

mable threshold. If exceeded, the protection switch output a bit by bit real time basis. 

22 goes active. This allows fast response to protection Refer now to FIG. 4 for the example eye diagram used for 

switch events with minimal software delays. the following description. Sampling point C indicates the 

Referring now to FIG. 3, a more detailed description of 55 center of the eye and point 1 indicates the point of one of the 

the invention is presented as follows. The invention has an D Flip-Flop pairs. The sample point of this pair C and 1 (as 

optical fiber input in which the incoming optical signal is fed well as the other individual points) can be moved around the 

to the optical receiver 10. The incoming optical power is eye independently. For example, in FIG. 5, with point C 

measured by the power measurement block 10P. The receiv- being the center of the eye, point 1 can be moved around to 

er's output feeds the AGC input. The output of the AGC 60 obtain information from the eye or left static to provide real 

feeds multiple threshold adjustment blocks 18T (C and 1 time error information. As point 1 moves into this boundary 

through N) and the clock recovery unit 12. The clock of the eye, decision errors will start to occur. Combined with 

recovery unit's clock is fed to multiple phase adjustment other points that may be dynamically moved around or made 

units 18P (C and 1 through N) that respectively control the to remain static, many other decision errors will start to 

clock feeding of multiple D Flip-Flops 18F(C and 1 through 65 occur. By statistically processing the decision errors, eye 

N) corresponding to the center data point C of the eye (see profiling and Q measurements can be made. By fixing the 

FIG. 4) and a plurality of arrayed data points (1 through N) relative position of the points, algorithms can be developed 
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that will allow for accurate monitoring of the traffic BER. a receiver for receiving an input; 

Importantly, the flexibility of the apparatus and method of a c i oc k recovery unit; 

the invention allows adaptation to the particular implemen- , . , ' . . , 

tation with its inherent characteristics (i.e., satellite or a threshold sampling circuit for providing at least two 

microwave). 5 threshold detectors for respective two sampling points 

The control and processing block controls all the system including at least one static sampling point positioned 

adjustments and access to all the data. This block provides proximate to the center of an eye pattern and at least 

all real time control and data processing. Processing of the one dynamic sampling point, the output of which are 

controls and error detect circuitry allows for Q measure- sampled by the recovered clock and if the signal passes 

ments and BER analysis. Processing of the errors and clock 10 between the thresholds, an error signal is generated and 

rate provides a protection switch signal. The programmable counted. 

nature of the invention allows the service provider to set the 2. The protocol and bit rate independent test system as set 

parameters to achieve the confidence level required by the forth in claim ^ comprising a plurality of the dynamic 

customer before generating a protection switch signal. The samp li Qg po i nts and wherein the dynamic sampling points 

bit rate affects the time and confidence level obtainable in a 15 m movable in an array about an cye measurement 

given time period. This trade-off is to be optimized with 3 ^ (ocol and bU fate inde p enc ient test system as set 

respect to the protection switch time. forth fa daim ^ whefein the array comprises a linear array. 

Optical Receiver Block should support 1310 nm band and 4 ^ ^ and bU fale ind denl test s stem as set 

1550 nm band input optical range and a pin receiver. It is forth [q ^ wherein lte uprises a two- 

noted that an APD receiver may be required to provide input 20 dimensional arra 

sensitivity or a PIN receiver may be calibrated to mimic the lmensiona array. 

Anr ., J - • ,u if a nn 5. The protocol and bit rate independent test system as set 

APD s performance, thus saving the cost of an APD. , • 

_ . , n _ ° tt _ forth m claim 1, wherein said clock recovery unit comprises 

Optical Receiver Power Measurement measures the . t . ' r 

r . . , . . . a variable rate clock recovery unit, 

receiver optical power and the optical power from approxi- , _ _ . 

mately 0 dBm to -35 dBm. 25 6,ThGr P roloco1 and blt rale ""dependent les t s Y stem as 

A . 4 . ^ . . ./.p^m 1 ■ » forth in claim 1, wherein said receiver comprises an optical 

Automatic Gain Control (AGC) Block provides approxi- . , / ' . ., . v , ,f , 

mately 40 dB of gain range and approximately 20 mV of KC ?™ and whaein Mid input comprises an optical input, 

input sensitivity " e P roloc °l and Dlt rate independent test system as set 

Threshold Adjustment Block provides approximately 64 * cla j m 6 * wherein the °P tical receiver is PIN P hoto * 

adjustable threshold steps. 30 diode based. 

Continuous Clock Recovery Block supports input data e 8 ^ c P' 0 ' 0 ™ 1 a ° d blt ra ' c dependent test system as set 

rates from approximately 45 Mbit/sec to 2.7 Gbit/sec. forth m claim 6 > wherein the °P llcal receiver * av alanche 

Frequency Measurement Block provides bit rate photodiode based, 

measurement, a high speed pre-scaler which drives a counter 9 ^ P rotoco1 and blt rate dependent test system as set 

and a high quality clock reference to measure the incoming 35 forth m claim ***** including frequency measurement 

frequency against. including a high speed prescaler which drives a counter and 

Phase Adjust Block provides approximately 64 adjustable P rovides a timebase to a protection switch detection circuit, 

phase steps ^* Th e protocol a °d bit rate independent test system as 

D Flip-Flip Block provides data sampling and supports ^ set forth iD claim 9 > further deluding a protection switch 

threshold adjustments and clock phase adjustments. 40 detection circuit for comparing the counted errors in a given 

Error Detection Block supports error detection by com- timebase P eriod with a programmable threshold and upon 

paring the D Flip-Flops outputs. exceeding the threshold, for producing an active protection 

Error Counter Block supports error counting of the error switch output, 

detection block ^ ne protocol and bit rate independent test system as 

High Speed Control Block provides control of the thresh- 45 set forth in daim whcrein said threshold sampling circuit 

old adjustment block, the phase adjustment block, the clock comprises a vanable threshold sampling circuit, 

recovery block and the AGC block. 12 - ™ c protocol and bit rate independent test system as 

High Speed Information Processing Block retrieves data set fort h in claim ^ther including an error detect and Q 

from the AGC block, from the threshold adjustment block, so measurement processing logic for reading the error signals, 

from the phase adjustment block and from the error counter 13- The protocol and bit rate independent test system as 

block set forth in claim 1, further including a jitter measurement 

The present disclosure includes that contained in the processing logic. 

appended claims, as well as that of the foregoing descrip- 14. A protocol and bit rate independent test system 

tion. Although this invention has been described in its 55 method for detecting bit errors on a digital communications 

preferred form with a certain degree of particularity, it is channel regardless of format or rate, comprising in combi- 

understood that the present disclosure of the preferred form nation: 

has been made only by way of example and that numerous receiving an input signal; 

changes in the details of construction and the combination . t , . • i 

, & . e _ . ^ . . ... . , recovering the clock from the input signal; 

and arrangement of parts may be resorted to without depart- 60 & r & 

ing from the spirit and scope of the invention. Now that the sampling at least two sampling thresholds from the input 

invention has been described, si 8 nal for respective two sampling points including at 

What is claimed is: ^ east one static sampling point positioned proximate to 

1. A protocol and bit rate independent test system includ- tbe <*p*er of an eye pattern and at least one dynamic 

ing means for detecting bit errors on a digital communica- 65 sampling point; and 

tions channel regardless of format or rate, comprising in producing an error signal if the input signal passes 

combination: between the thresholds. 
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15. The method as set forth in claim 14, comprising a 
plurality of the dynamic sampling points and wherein the 
dynamic sampling points are movable in an array about an 
eye measurement. 

16. The method as set forth in claim 15, wherein the array 
comprises a linear array. 

17. The method as set forth in claim 15, wherein the array 
comprises a two-dimensional array. 

18. The method as set forth in claim 14, wherein the step 
of recovering the clock from the input signal comprises the 
step of recovering the clock from the input signal at a 
variable rate. 

19. The method as set forth in claim 14, wherein the step 
of receiving a signal input comprises the step of receiving an 
optical signal input. 

20. The method as set forth in claim 19, wherein the step 
of receiving the optical signal input employs an optical 
receiver. 

21. The method as set forth in claim 20, wherein the 
optical receiver is PIN photodiode based. 

22. The method as set forth in claim 21, wherein the 
optical receiver is avalanche photodiode based. 



15 



8 



23. The method as set forth in claim 14, further including 
the step of measuring the bit rate to provide a timebase to a 
protection switch detection circuit. 

24. The method as set forth in claim 14, wherein the step 
5 of sampling at least two sampling thresholds from the input 

signal comprises the step of sampling at least two variable 
sampling thresholds. 

25. The method as set forth in claim 14, further including 
10 the step of reading the error signals. 

26. The method as set forth in claim 25, wherein the step 
of reading the error signals employs an error detect and Q 
measurement processing logic. 

27. The method as set forth in claim 14, further including 
the step of comparing the counted errors in a given timebase 
period with a programmable threshold and upon exceeding 
the threshold, producing an active protection switch output. 

28. The method as set forth in claim 14, further including 
20 the step of measuring jitter. 
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[57] ABSTRACT 

To measure various frequency components of the jitter of the 
deviation of the transition times in a signal on a signal line 
(44) from nominal bit times, a sampler (40) samples the 
signal at a rate high enough to determine the transit! on time 
with the required resolution. By employing a differentiator 
(60), test circuitry (FIG. 3B) can detect not only zero 
crossings but all digital-level transitions. The timings of the 
maxima of the differentiator output are applied to a Fourier- 
transform unit (76) that computes jitter-frequency compo- 
nents from a resultant sequence of deviations of the maxima 
from nominal transition times. Although computation of the 
lowest jitter-frequency components is necessarily based on 
a sequence that extends over a correspondingly long signal 
record, the input of a memory (48) that receives the raw 
samples from which those transition-time deviations are 
computed is so gated mat the memory (48) receives only 
infrequently occurring bursts of the sampler's high-sample- 
rate output when the lower jitter frequencies are to be 
measured. A memory (48) of only moderate size can there- 
fore be employed despite the necessarily high sample rate 
and necessarily long record duration. 

15 Claims, 4 Drawing Sheets 
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SYSTEM FOR MEASURING JITTER IN A surement of phase jitter in signals propagating in either 

NON-BINARY DIGITAL SIGNAL direction over a transmission line. 

BACKGROUND OF THE INVENTION DESCRIPTION OF THE INVENTION 

A. Field of the Invention 5 A. BRIEF SUMMARY OF THE INVENTION 
This invention relates to the measurement of dock jitter jji accordance with the invention we sense transitions in 

in self-clocking digital data signals. More specifically* it a data signal by differentiating the signal and using the 

relates to the sampling of the data signals to recover phase maximum absolute value of the derivative as the timing 

variations of the clock signals embedded therein. 10 fo r each transition. Thus, each transition is eligible for 

The reception of digital data transmissions requires that use in measuring phase jitter and the high-frequency com- 

the incoming signals be sampled or "strobed* 1 at periodic. ponents of the jitter are easily within the range of the 

precise intervals to sense the values of the signals at those measuring system. 

times. For example, a simple binary data signal should be The system operates digitally, by sampling the data signal 

sampled in the middle of each bit cell to determine whether 15 ^ a relatively high rate, e.g. 64 sainples/symbol and using 

the bit is a 1 or a 0. Obviously the sampling, which is timed these samples in computing the derivative. Together with a 

by a clock signal, must be synchronized with the data signal curve-fitting procedure, described below, this provides suf- 

if errors are to be minimized. ficient resolution in locating the derivative maxima. 

Usually self -clocking schemes are used in the transmis- The invention can also be used to measure phase jitter in 

sion of data. The clock signal is, in essence, embedded in the 20 signals propagating in both directions over a transmission 

data signal. It is recovered at the receiver to control a local ifoc. For this purpose we insert a directional coupler into the 

clock whose output is used to strobe the incoming data transmission line. The coupler has two output ports, one for 

signal and thereby detect the data. Thus the timing of the signals travelling in one direction and the other for signals 

clock signal relative to the data signal is fixed at the travelling in the opposite direction. The jitter-measuring unit 

transmitter and is not affected by the characteristics of the 25 ^^^4 herein can be switched between the two ports to 

path from the transmitter to the receiver. Accordingly, if the measure the jitter for signals travelling in the respective 

characteristics of the transmitter or the path change, the directions. 

relative clock-data timing will not change. The phase-lock- HG l ' muslrates a fragment of a signal representing a 

loop that controls the local clock will adjust the phase of the sequence of symbols transmitted with the 2B1Q format. The 

dcKksoastopreservemeproperdc^ d ^^ wavefomiis ideaH2edinthatthe various transitions 

da**. m voltage level are indicated as occurring instantaneously. 

However, if the phase of the received data signal varies In fact however, because of bandwidth limitations in the 

too rapidly, the phase-lock loop will be unable to adjust the circuitry that generates the waveforms and in the transitu s- 

local clock fast enough* to follow the corresponding changes s ion lines over which they are propagated, each transition 

in the phase of the embedded clock signal and errors in data 35 occurs over a finite time interval. 

detection will result For this reason standards have been ^ t0 provide uniformity in sensing the timing of 

promulgated, governing the amount and rate of phase ^ transition, the occurrence of the transition is usually 

change ('"phase jitter") that are allowed in the transmission defined as the midpoint between the starting and ending 

paths. The present invention is directed to an improved of the tratisition. The rmdpoint in turn, can be sensed 

system for ascertaining the phase jitter to determine com- by means 0 f a zero-crossing detector, but only for those 

pliance with the applicable standard. transitions for which the zero axis is the midpoint In FIG. 

B. Description of Related Art 1 only the transitions indicated at 12 and 14 have this 
Prior systems sense the zero crossings of the data signals characteristic. The remaining transitions either do not cross 

to determine the phases of the embedded clock signals. 45 the zero axis or cross it but are asymmetrical with respect to 

However, this requires that the transitions involve zero the axis. Indeed, the consecutive symbols indicated at 16 and 

crossings and, furthermore, that they be symmetrical with 18 have the same voltage level and thus have no intervening 

respect to the crossings. For example, with the 2B1Q format voltage transition. 

used in ISDN communications, most of the signal transitions Thus prior systems which are based on the sensing of zero 

will not meet this criterion. Systems using this ISDN format 50 axis crossings may. because of the intervals often encoun- 

may transmit at a rate of 80.000 symbols/second, while a tered between usable crossings, miss high-frequency phase 

jitter standard for the 2B1Q format may cover jitter fire- jitter components which are covered by the applicable 

quency components from 0.15 Hz to 20k Hz. Accordingly standards. It will be apparent that with the signal sequence 

the use of zero-crossing detection to ascertain jitter magni- depicted in FIG. 1. and given a data rate of 80.000 symbols/ 

tude will usually not provide a high enough sampling rate to 55 second, high-frequency phase jitter components will not be 

measure jitter components in the raid to upper portions of detected if only symmetrical zero axis crossings are used for 

this frequency range unless normal transmissions are inter- measurement of the timing of signal transitions, 

rupted and a predetermined pattern of symbols is transmit* Cm the other hand, with our invention, which uses the 

ted. occurrence of the maximum absolute value of the slope, Le. 

Accordingly it is an object of the invention to provide an 60 rate of change of signal voltage, as the indication of the 

improved method and apparatus for measuring phase jitter in midpoint of each transition, every transition can be used for 

digital data signals. A more specific object of the invention the measurement of transition timing. The resulting deter- 

is to provide accurate measurements of phase jitter in signals mination of the timing of a transition provides a single 

transmitted during normal operation of a monitored system. sample of the phase jitter. For any frequency component in 

A further object is to provide accurate measurements of 65 the phase jitter, the system must obtain enough jitter samples 

phase jitter over a wide range of jitter frequencies. Yet to ascertain the magnitude of that component with a rea- 

another object of the invention is to provide accurate mea- sonable degree of accuracy. In the high frequency portion of 
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the measurement range, e.g. from 2.000 Hz to 20 kHz* 500 waveform by the signal analysis unit to ascertain the timing 

samples of the phase jitter will provide an accurate charac- of transition in the monitored signal; 

terization of the magnitude of the jitter components at the fig. 5 i s a waveform of the phase of the monitored signal 

frequencies involved. At the low frequency end of the a s measured by the signal analysis unit; 

spectrum, i.e. 0.15 Hz. jitter samples taken over approxi- 5 nG 6 is a chait of mc sigoal^ampUDg sampling 

mately a single cycle of that component will accurately sequcnccs for ^ various frequency ranges in the jitter 

characterize the magnitude of the jitter. However, with the spectrum; and 

sampling rate provided for the high-frequency components, * . £ . 

wm be an inordinately large number of samples, with FIG. 7 is a diagram ; of a system for measuring phase utter 

corresponding demands on memory capacity and computa- 10 in signals passing in either directs over a transmission line. 

ti0D time ' C. DETAILED DESCRIPTION OF THE 

We therefore sample the data signal in accordance with a INVENTION 
burst arrangement As shown in FIG. 2, sampling of the data 

signal is performed in bursts 30 separated by skip intervals With reference to FIG. 3A. a sampler 40 which is con- 
indicated at 3Z The bursts and skip intervals are synchro- 15 nected to a tap 42 on a transmission line 44 provides a 
nized to a local clock and the total length of a sample burst, sequence of digital representations of the instantaneous 
plus a delay period is an integral number of symbols. The signal voltage levels on toe line. These digital signals are 
number of samples in each burst is sufficient to encompass passed by a gate 46 to a random access memory 48 where 
multiple symbols increases the likelihood that at least one they are accumulated for subsequent processing as described 
signal transition will occur during each burst In each burst. 20 below. Operation of the sampler 40 is timed by toe output of 
the timing of the transition having toe greatest absolute slope a local clock 50. The clock 50 is highly stable and has an 
is selected as a jitter sample. output frequency as close as is practicable to an integral 
The burst length and the length of the skip interval depend mul tiple <* Jf SV^** ra f f o of the signals traiismitted over 
on the range of jitter frequencies involved in the measure- Une We *™ found a »**P le of <* P ro , vld f s * e 
ment. For measurement of thehigher frequency components 25 resolution in sampling of toemonitored signals 
of the phase jitter a relatively short or even zero-length skip * heD the interpolation arrangement described herein is used 
interval is required in order to provide a sufficiently high ™* &* c 46 1S CODt f 1 0 ^ * c 0Ut P* ° u f a 5 
sampling rate for the phase jitter. On the other hand, at low whosc state 15 controlled by the outputs of a burst counter 54 
frequencies, where the sampling rate is not an imposing and a skip counter 56. both of which count the output pulses 
limitation, we use a relatively long skip interval to conserve 30 °^ tnc d 00 * 50- 

system resources as noted above. Specifically we have found The burst counter 54 has a capacity corresponding to a 
that the jitter-frequency spectrum of 0. 15 Hz to 20 KHz can time length corresponding to multiple symbols in the moni- 
be divided into four ranges, each having a different skip tored signal. It is adjustable to provide for different burst 
interval. These burst and toe sampling sequences relating lengths according to the jitter frequency range involved in 
thereto are set forth in FIG. 6, assuming a symbol rate of 35 the measurement as described above. The adjustments of 
80.(XXVsec in the monitored signal and a sampling rate of 64 the skip counter 56 are limited to counter capacities corre- 
samplcs/symbol. For example, over the jitter frequency spending to integral numbers of symbols. Le. integral mul- 
range 0.5-39 Hz we use a burst length of 128 samples, or tiples of 64 samples. Overflow of the counter 56 sets the 
two symbols, and a skip interval of 1022 symbols. This flip-flop 52 so that its output enables the gate 46 and at the 
provides a jitter sample rate of 78.125, slightly in excess of 40 same time resets the counter 54. The gate 46 thereupon 
toe minimum sampling rate for the upper level of toe passes samples from the sampler 40 to toe memory 48 until 
frequency range. A total of 512 sampling bursts, i.e. jitter toe counter 54 reaches its maximum count at which point 
samples, are used for this measurement counter 54 output resets toe flip-flop 52, thereby dis- 
similar measurement parameters are provided in FIG. 6 abling the gate 46. 
for three further jitter frequency ranges extending to 20 kHz. As pointed out above, the bunt of samples passed by toe 
In the uppermost range, 78 Hz to 20 kHz, toe skip intervals gate 46 during each of these cycles of the counters 54 and 
is zero and each sampling burst thus immediately succeeds 56 ultimately provides one sample of toe timing of toe 
toe preceding burst. monitored signal A sufficient number of bursts are passed to 

provide toe requisite number of samples for a selected 

B. BRIEF DESCRIPTION OF THE DRAWINGS frequency range of the phase jitter in the monitored signal 

For a fuller understanding of the nature of the invention. ™ e capacttes 0 f the bu« t coua^ 54 and tbe ^ °™°t<i 

reference should be had to the following detailed description s . 6 « a™"*™** * f leD *£ " d 

taken in connection with the accompanying drawing™ in ^ ^ etween * e bur f *' ^ "J***) and 

. $5 provide for measurement of toe phase jitter components in 

W ... , , . . toe respective frequency ranges. At toe highest frequency 

FIG. 1 depicts an idealized signal waveform in the 2B1Q raQge the capadcy of me counter 5e fa cqual to ±at of ^ 

format; counter 54 so that continuous bursts of samples are fed to toe 

FIG. 2 depicts a succession of sampling bursts used in memory 48. 

sampling signals in accordance with toe invention; ^ u will be apparent that the gate 46, counters 54 and 56 and 

FIG. 3A is a block diagram of a signal sampling unit flip-flop 52 can be implemented in hardware or their func- 

iu corpora ted in a jitter-measuring system embodying toe tions can be provided by a digital computer 57 of which the 

invention; memory 48 is a component 

FIG. 3B is a block diagram of a signal analysis unit After toe samples for a measurement have been accumu- 

incorporated in the jitter-measuring system; 65 laied in the memory 48. the computer 57 executes a scries 

FIG. 4 illustrates a waveform of the time derivative of a of software routines to process the samples and thereby 

monitored signal and the application of toe invention to toe provide the desired phase jitter measurements. FIG. 3B 
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illustrates these routines as blocks of a corresponding hard- mum detector 62. the maxima in all the bunts must be 

ware diagram. Specifically the samples from each burst are referenced to the same position within the bursts. That is, 
applied to a differentiator 60 whose output is a series of with up to four possible transition positions in each burst 

samples of the time derivative of the monitored signal. The one of those positions is selected as a reference and the 
output of the differentiator 60 is applied to a maximum 5 maxima that occur at or id the neighborhood of the other 

detector 62 which calculates the position of the absolute three positions are indexed to that position by adding or 

maximum slope of the signal during the burst subtracting the nominal phase differences between those 

More specifically, the differentiator 60 simply calculates positions and the reference position, 

the differences between the values of successive signal Any one of the four transition positions can be selected as 

samples to provide the derivative samples, indicated at 80 10 the reference position. However, since indexing of the 
(FIG. 4), that define a derivative curve 82. The maximum positions to a common reference is a source of error, we 

detector 62 then selects a primary reference point which is. prefer to select as the reference, the position involving the 

in essence, a rough determination of an absolute maximum greatest number of derivative maxima. Accordingly, after 

of the derivative curve 82. the maxima have been identified by the maximum detector 

To determine the position of each primary reference point 13 62 < the system uses an indexing unit 66 to essentially 

we prefer to use a moving ''window**, as indicated at 84 in calculate a histogram of the number of selected maxima in 

FIG. 4, encompassing a number of samples, e.g. 7. The me neighborhood of each of the four nominal transition 

window 84 is moved through the sample set in each burst positions. It then selects as the reference position the posi- 

and the sample values in the window arc summed. The tion involving the greatest number of maxima and indexes 

primary reference point is the central sample in the window 20 all the other maxima to that burst position. A similar 

when the sum has a maximum (or minimum) value. This arrangement is followed in the frequency ranges in which 

arrangement diminishes the effects of noise in selecting the two signal transitions are encompassed by each sample 

primary reference point. For example, if the values of burst 

individual samples were to be used in selecting the primary After they are indexed to a single burst position, the 

reference point the sample 80a would be selected, whereas 25 selected transitions define a curve of which the curve 100 in 

the sample 806, which is at the center of the window 84 at FIG. 5 is an example. This curve has a sinusoidal component 

the depicted position of the window, is clearly closer to a and an overall slope. The sinusoidal component is a graphi- 

maximum of the curve 82. cal representation of the phase jitter and the slope represents 

In general the primary reference point will not be the true drift- mainly due to the difference in frequency between the 

position of a maximum of a derivative curve 82. For 30 clock 50 (FIG. 3A) and the clock (not shown) that is used in 

example, errors are caused by noise and by the spacing generating the monitored signal. The waveform may have 

between adjacent signal samples. We therefore prefer to use some impulse noise as indicated by the samples 92a and 92b 

a curve-fitter 64, which reduces this error. A quadratic curve it is therefore passed through a spike filter 70 (FIG. 3B) 

is fitted to the primary reference point and to samples that will tend to smooth out high frequency spikes, 

preceding and following that sample. The latter two samples Also, in some cases a burst may contain a sequence of 

may, for example, be spaced from the primary reference symbols that does not provide sufficiently good transitional 

point by twelve sample intervals, as indicated at 86 and 88 information to select a maximum. In such cases a transition 

in FIG. 4. These three samples 805, 86 and 88, fix the will be missing from the curve 100 as indicated, for 

coefficients of the quadratic expression. ^ example, at 102. A pseudo transition is then inserted by 

The system derives the first two coefficients and uses them interpolation, preferably linear interpolation, 

in differentiating the expression to find the position of the Next the drift is removed from the waveform 100 by a 

maximum Thus, with the illustrated curve 82 and the drift eliminator 72 (FIG. 3B), The drift eliminator calculates 

maximum encompassed by the window 84, a quadratic the slope of the ramp of the curve by first determining 

curve 90 fits the samples 801), 86 and 88. This curve has a 45 average values of the bursts in the first and last portions of 

maximum at 92. which is taken as a maximum of die the waveform, e.g. the first quarter and the last quarter. The 

derivative and thus the location, i.e. timing, of the signal difference between the two values is averaged over the 

transition involved in the calculation. number of bursts to give the average drift. Then an accu- 

As an example of the advantages to be gained from the mulated drift is subtracted from the waveform to "level" the 

foregoing procedure, measurements were taken which pro- 50 waveform. The average value of the entire waveform is then 

vided the illustrated derivative curve 82. If the maximum calculated and also subtracted from the waveform, thereby 

sample value is taken as the point of the derivative leaving only the AC components, i.e. the jitter, 

maximum. It. the position of the sample 80a. there was an Returning to FIG. 3B, a Fourier transform can be applied 

error of 32.6 degrees. The selection of the primary reference to the resulting waveform to ascertain the frequencies and 

point 80/? as the maximum reduced the error to 17.6 degrees. 55 amplitudes of the various components in the waveform. 

On the other hand, selection of the maximum point of the Since the waveform has a finite length and since the mea- 

quadratic approximation, i.e. the position indicated at 92, surement system is not coherent with the jitter frequencies, 

reduced the error to 0.3 degrees. a transform at this juncture will generally produce spurious 

As noted above, each burst of signal samples is of side lobes in the output Accordingly, we prefer to pass die 

sufficient duration to encompass multiple transitions in the 60 waveform through a windowing unit 74 which applies a 

monitored signal. In an illustrative system the burst dura- cosine-bell window to the waveform to farce the ends of the 

tions are as set forth in FIG. 6. Thus, when making a waveform to zero amplitude. The windowed waveform is 

measurement in the jitter-frequency range 62 Hz to 8 kHz then passed to a FFT-unit 76 which performs the Fourier 

there will be four possible points in each burst where a signal transform to produce the output of the system 

transition having the absolute maximum slope in that burst 65 The foregoing procedure is applied separately in the 

may occur. To facilitate the development of a jitter wave- respective frequency bands as explained above. That is. for 

form from the transition information provided by the maxi- each band a different signal-sampling burst length and burst 
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rate arc used as set forth above. The invention thus provides 
a high degree of accuracy without resort to undue storage 
and processing time for determination of the low-frequency 
jitter components. 

In FIG. 7 we have illustrated a system for monitoring * 
phase jitter of signals propagating in either direction over a 
transmission line having a characteristic impedance R. A 
directional coupler indicated generally at 80 is inserted in 
the transmission line. The illustrated coupler 80 is a resistive 
network configured as shown, with the individual resistors to 
preferably having the resistance values shown so as to match 
the transmission impedance. The coupler also has a pair of 
sampling parts 80a and 806. which, respectively, provide 
replicas of the signals propagating in opposite directions on 
the transmission line 82. 15 

A jitter measuring unit 84. of the type illustrated in FIGS. 
3Aand 3B. is selectively connected to the ports 80a and 80k 
for example, by a switch 86. Thus, connecting the switch 86 
first in one position and then the other position, one may 
monitor the phase jitter in signals propagating in one direc- 20 
tion over the line 82 and then in signals propagating in the 
opposite direction. 

The terms and expressions which have been employed are 
used as terms of description and not of limitation, and there 
is no intention, in the use of such terms and expressions, of 
excluding any equivalents of the features shown and 
described or portions thereof, but it is recognized that 
various modifications are possible within the scope of the 
invention claimed. 3Q 

What is claimed is: 

1. A jitter measuring system for measuring phase jitter of 
the transitions in a multiple-level digital signal, the system 
comprising: 

A. a local clock. 35 

B. sampling means for sampling the signal in synchro- 
nism with the local clock at a rate substantially greater 
than the symbol rate in the signal, thereby to provide a 
series of digital signal samples, each of which repre- 
sents a value of the signal 40 

C derivative means for 

1) processing the signal samples to obtain a series of 
samples of the time derivative of signal, and 

2) processing the derivative samples to provide a series 

of values of the timing of absolute maxima of the 45 
derivative, the timing values being samples of the 
waveform of the phase jitter. 

2. The system defined in claim 1 in which the sampling 
means samples the signal in spaced-apart bursts, and 
wherein the timing values are samples of the low -frequency 50 
components of the phase jitter. 

3. The system defined in claim 1 in which the sampling 
means samples the signal in consecutive sets of bursts, each 
set having a different burst rate, whereby the timing values 
obtained from the respective burst sets are samples of 55 
different ranges of frequency components of the phase jitter. 

4. The system defined in claim 3 in which the derivate 
means includes: 

A. means for identifying for each burst the derivative 
sample closest to the absolute maximum slope of the 60 
signal, and 

B. means for fitting a quadratic curve to a set of samples 
including the closest sample and calculating the timing 
of the maximum of the curve to provide a sample of the 
jitter waveform w 

5. The system defined in claim 3 in which the derivative 
means 



A. passes a multiple-sample window along the series of 
samples of the time derivative in each burst 

B. ascertains the position of the window when the sum of 
the values of the samples contained therein corresponds 
with an absolute maximum value of the time derivative, 
and 

C. selects the central sample in the window at that 
position as a primary reference point of the absolute 



6. The system defined in claim 5 further including means 
for 

A. fining a quadratic curve to a set of samples including 
the primary reference point and a pair of samples 
preceding and following the primary reference point, 
and 

B. calculating the maximum of the curve provide a sample 
of the jitter waveform. 

7. The system defined in claim 1 including transform 
means far generating a Fourier transform of the curve 
represented by the timing values, thereby to provide a 
spectrum of the phase jitter. 

8. The system defined in claim 7 in which the transform 
means includes: 

means for processing the jitter waveform samples to 
remove therefrom any variation in the timing values 
due to a frequency difference between the signal tran- 
sitions and the local clock. 

9. The system defined in claim 1 including: 

A. a directional coupler connected in a transmission path 
of digital signals whose phase jitter is to be measured, 
the directional coupler having a pair of output ports 
providing replicas of the signals passing in the respec- 
tive directions in the transmission path, and 

B. means for connecting the sampling means alternatively 
to the first and second output potts, thereby to selec- 
tively measure the phase jitter and the signals passing 
in the respective directions. 

10. A jitter measuring system for measuring phase jitter of 
the transitions in a multiple-digital signal, said system 
comprising a: 

A. local clock; 

B. sampling means for sampling the signal in synchro- 
nism with the local clock at a rate substantially greater 
than the symbol rate in the signal, thereby to provide a 
series of digital signal samples, each of which repre- 
sents a value of the signal, the sampling means sam- 
pling the signal in bursts, each of which encompasses 
multiple transitions of the signal; 

C. derivative means for: 

1. processing the signal samples to obtain a series of 
samples of the time derivative of the signal; and 

2. processing of derivative samples to provide a series 
of timing values, each of which represents die timing 
of the absolute maximum of the derivative in a burst, 
the tuning values being samples of the waveform of 
the phase jitter. 

11. The system defined in claim 10 in which the derivative 
means: 

A. passes a multiple-sample window along the series of 
samples of the time derivative in each burst, 

B. ascertains the position of the window when the sum of 
the values of the samples contained therein corresponds 
with an absolute maximum value of the time derivative, 
and 

C. selects the central sample in the window at thai 
position as a primary reference point of the absolute 
maximum. 
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12. A system defined in claim 11 further including means 
for. 

A. fitting a quadratic curve to a set of samples including 
the primary reference point and a pair of samples 
preceding and following the primary reference point, 
and 

B. calculating the maximum of the curve to provide a 
sample of the jitter waveform 

13. A method of measuring phase jitter of the transitions 
in a digital signal, the method comprising the steps of: 

A. sampling the signal at a rate substantially greater than 
the symbol rate in the signal to provide a scries of 
digital signal samples, each of which represents a value 
of the signal. 

B. obtaining from the signal samples a series of samples 
of the time derivative of the signal, and 



10 



15 



10 



C processing the derivative samples to provide a series of 
timing values representing the timing of absolute 
maxima of the derivative samples, the timing values 
being samples of the waveform of the phase jitter. 

14. The method defined in claim 15 in which: 

A. the signal is sampled in bursts, each of which encom- 
passes multiple transitions of the digital signal, and 

B. in the processing step, the absolute maximum of the 
derivative samples in each burst is ascertained to pro- 
vide a sample of the waveform of the phase jitter. 

15. The system defined in claim 14 in which the digital 
signal is sampled in sets of bursts, each set having a different 
burst rate, whereby the timing values obtained from the 
respective sets of bursts are samples of different ranges of 
frequency components of the phase jitter. 
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(57) ABSTRACT 

A method and apparatus for a strobe glitch protection 
mechanism for a source synchronous I/O link. One method 
of the present invention comprises separating a transfer 
clock having a plurality of transfer clock edges into a pointer 
path and a timing path. Glitches are filtered from signals on 
said pointer path. The pointer path and the timing path are 
coupled to generate latch enable signals to latch data bits. 
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SYSTEM FOR PROTECTING STROBE 
GLITCHES BY SEPARATING A STROBE 
SIGNAL INTO POINTER PATH AND TIMING 
PATH, FILTERING GLITCHES FROM 
SIGNALS ON POINTER PATH THEREOF 

FIELD OF THE INVENTION 

The present invention relates generally to the field of 
signal transfer between components, and more specifically 
to a strobe glitch protection mechanism for a source syn- 
chronous I/O link. 

BACKGROUND OF THE INVENTION 

One limitation on the throughput of a computer or other 
processing system is the interface between integrated cir- 
cuits and/or other components in the system. Interface 
circuits often provide input/output (I/O) links for data trans- 
fers between components. Improved data transfer circuitry 
may allow faster and more efficient signaling between 
various components. 

I/O links between components and systems often use data, 
reference voltage and strobe lines. The reference voltage 
provides a threshold which allows a signal to be qualified as 
low or high state, whereas the strobe provides the timing 
reference i.e. the position of the data bit in a time sequence. 
The strobe signal functions as a transfer clock. In some data 
transfer communications, glitches can occur in these signals. 
A glitch is generally defined as an undesired transition or 
bounce in a signal. Glitches destroy the integrity of signals 
on a line. Sources of glitches can include interference, cross 
talk, ground bounce, mechanical vibrations, etc. Data 
glitches can cause corruption of data if the glitch occurs at 
the sampling time at the receiver. Data error checking 
techniques such as parity or error-correcting code (ECC) can 
detect and possibly correct an error. However, any glitches 
in the strobe signal can alter the state machine and disturb 
the timing context, therefore corrupting future data. 
Therefore, a strobe glitch can have a catastrophic effect on 
the I/O link. 

There are two types of strobe failures of concern. The first 
type is an analog glitch or noise that is long enough to cause 
errant internal strobe behavior, but does not manifest as a 
double pulse. This type of behavior can be difficult to detect. 
This error can amount to a slower signal transition edge or 
a moved edge, but not a full transition. During such a failure, 
the phase of the strobe with respect to the incoming data 
could be lost. The second type of strobe failure involves 
signal noise that creates a double pulse that may be mistak- 
enly counted at the receiver. A double pulse can cause the 
logic in a state machine to erroneously increment to the next 
state. 

One existing glitch protection scheme can only protect 
against glitches during master changeover scenarios. 
Another existing scheme can only detect an error and then 
flag the error during a break in bus activity. Other glitch 
protection schemes have uses a phase locked loop (PLL) to 
filter strobe signals. However, a PLL also filters out data and 
strobe cycle to cycle timing jitters, leading to undesired loss 
of timing margin. 

FIG. 1 illustrates a block diagram of a typical prior art 
source synchronous strobe and data circuit 100 at a receiver. 
The circuit 100 receives a data signal 102 and a strobe signal 
103 that have been sent from an external data transfer 
source. Data 102 is connected to a latch mechanism. The 
latch mechanism in this example is a set of first in/first out 
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(FIFO) latches 118. Strobe 103 is connected to a delayed 
lock loop (DLL) 112. The DLL 112 is a chain of delay 
element that delays the propagation of strobe 103 to node 
108 by a desired amount (usually 90°). The delayed version 

5 of strobe at node 108 is coupled to a write state machine 
(WSM) 120 at pointer 122 and latch enable logic 126, 128. 
Pointer 122 generates a plurality of latch select signals 124 
based on transitions on strobe 103. Latch enables 114, 116 
to the FIFO 118 are generated from latch enable logic 126, 

10 128. For this example, latch selects 124 are logically anded 
together with delayed strobe 108 at and gates 126, 128. 

The DLL 112 rotates STROBE 103 to a 90° position. This 
90° phase shift allows the strobe signal to center the data 
window. However, the DLL 112 only performs a rotation 

35 and delays STROBE 103. If STROBE 103 is noisy or has 
glitches, the noise and glitches are simply rotated 90° and 
propagated out to the WSM 120. 

This example circuit at the receiver end of the data 
transfer uses a strobe having a 90° rotation to advance the 

20 write pointer and latch incoming data. In other circuits, the 
strobe can be set at a 90° position at the driver end. But in 
either case, the noise and degraded signal quality can cause 
strobe glitches. It may be especially advantageous to iden- 

^ tify options for strobe glitch protection and detection. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention is illustrated by way of example 
and not limitations in the figures of the accompanying 
30 drawings, in which like references indicate similar elements, 
and in which: 

FIG. 1 illustrates a block diagram of a typical prior art 
source synchronous strobe and data circuit at a receiver; 

FIG. 2A illustrates one embodiment of a system employ- 
3S ing a strobe glitch protection mechanism; 

FIG. 2B illustrates one embodiment of a parallel I/O link 
between two components; 

FIG. 2C illustrates one embodiment of a serial I/O link 
^ between two components; 

FIG. 3A illustrates one embodiment of a single ended 
source synchronous strobe and data circuit having a modi- 
fied strobe path at the receiver end of a parallel I/O link; 

FIG. 3B illustrates one embodiment of strobe glitch 
45 mechanism in the modified strobe path of FIG. 3A; 

FIG. 3C illustrates another embodiment of the modified 
strobe path of FIG. 3A including a glitch filtering mecha- 
nism; 

FIG. 3D illustrates a flow chart of a method for strobe 
50 glitch protection for one embodiment; 

FIG. 4 illustrates one embodiment of a single ended 
source synchronous strobe and data circuit including a 
differential VCO at the receiver end of a parallel I/O link; 
55 FIG. 5 A illustrates one embodiment of a data circuit at the 
receiver end of a serial I/O link; and 

FIG. 5B illustrates one embodiment of the latch enable 
mechanism of FIG. 5A. 

DETAILED DESCRIPTION 

oU 

A strobe glitch protection mechanism for a source syn- 
chronous I/O link is disclosed. The described strobe and data 
circuits are used to transfer data between integrated circuits, 
but are not so limited. Although the following embodiments 
65 are described with reference to processors, other embodi- 
ments are applicable to other integrated circuits or logic 
devices. The same techniques and teachings of the present 
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invention can easily be applied to other types of circuits or 
semiconductor devices that use a synchronous I/O link. 

In the following description, for purposes of explanation, 
numerous specific details are set forth in order to provide a 
thorough understanding of the present invention. One of 
ordinary skill in the art, however, will appreciate that these 
specific details are not necessary in order to practice the 
present invention. In other instances, well known electrical 
structures and circuits have not been set forth in particular 
detail in order to not necessarily obscure the present inven- 
tion. 

During a data transfer, a source device sends data via a 
link to a receiver device. Typical devices can include items 
ranging from integrated circuit components to systems. 
When a source sends data to a receiver, a strobe or clock is 
also sent to the receiver. However, the exact arrival of a 
signal at the receiver and its signal quality can vary due to 
factors such as fine discontinuities, parasitic capacitance & 
inductance, propagation delay, etc. The receiver has to know 
exactly when a signal is arriving and how to react. 

When data arrives at the receiver, the data generally needs 
to be stored or latched away. Furthermore, if bits of data are 
being constantly transmitted and received, the receiver has 
to keep track of what bits are coming in and how to shift the 
data bits in the correct order. Logic, such as a write state 
machine, can place the bits in time sequence using the strobe 
as they arrive at the receiver. 

Preserving the precise order of the data bits is critical. A 
strobe signal from the receiver often assists in this process. 
The strobe can serve two functions. First, a strobe signal can 
be used to capture data into a latch. Second, a strobe can help 
to place the bits in a proper sequence. For example, a 
receiving device can have a set of latches that behave like a 
cyclic buffer. Every time the strobe signal toggles, the 
receiver latches a data bit into a latch and advances a pointer 
to the next latch. The pointer advancement prevents the 
incoming bit from overwriting the stored data. Meanwhile, 
other logic in the receiving device can be reading out data 
from the previously written latches. By the time the last latch 
is filled, the first latch has been freed up and ready for new 
data. The pointer can wrap around and the latches are 
rewritten. 

In source synchronous input/output (I/O) signaling, a 
precisely known data and strobe timing relationship is used 
to capture data at a receiver. Maintaining the integrity of the 
strobe signal and the write pointer is of great importance. 
The strobe edge is used to time the data and also to advance 
the state machine. Any glitches in the strobe can result in the 
incorrect advancement of the write pointer and also incorrect 
data capture. Incorrect data capture can be detected by using 
parity or ECC or CRC checks. However, an incorrect write 
pointer can lead to errors in subsequent data transfers and 
ultimately system failure. Strobe glitch issues can also be 
present in point to point links. Two types of problems can 
have an impact on data transfer. The first involves having 
extra pulses on the strobe signal. A second problem involves 
missing pulses on the strobe. In order to prevent strobe 
glitches, some circuit designers have implemented strobe 
glitch protection circuits into their components and systems. 

A strobe glitch protection circuit can filter out the glitches 
and prevent the state machine from advancing states erro- 
neously. Furthermore, the circuit can be configured to allow 
the data timing information to propagate through for proper 
data capture. These actions can be achieved by splitting the 
incoming strobe signal into two separate paths. One timing 
strobe path can retain the timing information and jitter. The 
other strobe path can be filtered to obtain a clean pointer 
strobe signal. 
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Embodiments of the present invention allow the write 
pointers to operate on clean strobes. Thus, accurate write 
state machine information can be maintained. Furthermore, 
the system reliability of a system or a component imple- 
5 menting an embodiment of the present scheme may not be 
limited by write pointer accuracy. This strobe glitch protec- 
tion mechanism also provides an accurate cycle by cycle 
tracking between the data and strobe signals. Signal timing 
in the critical timing path is preserved as the path is kept free 
of additional circuit elements. 

Depending on the implementation, alternative embodi- 
ments of the present mechanism can require fewer additional 
circuit elements than other glitch schemes. One method of 
present invention can also be adapted for use in a self 
clocked serial I/O link where no explicit strobing clocks are 
15 available. 

Referring now to FIG. 2A, a computer system 200 is 
shown. System 200 includes a component, such as a 
processor, employing a strobe glitch protection mechanism 
in accordance with the present invention, such as in the 

20 embodiment described herein. System 200 is representative 
of processing systems based on the PENTIUM®, PEN- 
TIUM® Pro, PENTIUM® II, PENTIUM® III microproces- 
sors available from Intel Corporation of Santa Clara, Calif., 
although other systems (including PCs having other 

25 microprocessors, engineering workstations, set-top boxes 
and the like) may also be used. Thus, the present invention 
is not limited to any specific combination of hardware 
circuitry and software. 

FIG. 2A is a block diagram of one embodiment of a 

30 system 200. The computer system 200 includes a processor 
202 that processes data signals. FIG. 2A shows an example 
of an embodiment of the present invention implemented in 
a single processor system 200. However, it is understood 
that other embodiments may alternatively be implemented 
as systems having multiple processors. Processor 202 is 
coupled to a processor bus 210 that transmits data signals 
between processor 202 and other components in the system 
200. The elements of system 200 perform their conventional 
functions well known in the art. 

40 

System 200 includes a memory 220. A cache memory 204 
can reside inside processor 202 that stores data signals 
stored in memory 220. Alternatively, in another 
embodiment, the cache memory may reside external to the 
45 processor. 

A strobe glitch protection mechanism 206 also resides in 
processor 202. Alternate embodiments of a strobe glitch 
protection mechanism 206 can also be used in 
microcontrollers, embedded processors, graphics devices, 

50 DSPs, and other types of logic circuits. 

A system logic chip 216 is coupled to the processor bus 
210 and memory 220. The processor 202 communicates to 
a memory controller hub (MCH) 216 via a processor bus 
210. The MCH 216 directs data signals between processor 

55 202, memory 220, and other components in the system 200 
and bridges the data signals between processor bus 210, 
memory 220, and system I/O 222. The graphics card 212 is 
coupled to the MCH 216 through an Accelerated Graphics 
Port (AGP) interconnect 214. 

60 System 200 uses a proprietary hub interface bus 222 to 
couple the MCH 216 to the I/O controller hub (ICH) 230. 
The ICH 230 provides direct connections to I/O devices 
such as a firmware hub (BIOS) 228, data storage 224, a 
serial expansion port such as Universal Serial Bus (USB), 

65 and a network controller 234. 

The present enhancement is not limited to computer 
systems. Alternative embodiments of the present invention 
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can be used in other devices such as, for example, handheld ing in the timing path. The timing path of FIG. 3A traces 

devices and embedded applications. Some examples of from the delay chain 310, along node 306, and through the 

handheld devices include cellular phones, Internet Protocol latch enable logic 326, 328 to the FIFO latches 318. 

devices, digital cameras, personal digital assistants (PDAs), The modified strobe path comprises a strobe glitch pro- 

and handheld PCs. Embedded applications can include a 5 tection mechanism 311 that is coupled to STROBE 303. 

microcontroller, a digital signal processor (DSP), system on Strobe glitch protection mechanism 311 provides two ver- 

a chip, network computers (NetPC), set-top boxes, network s [ oos 0 f a delayed strobe 306, 308 to WSM 320. For this 

hubs, wide area network (WAN) switches, or any other embodiment, the strobe glitch protection mechanism 311 

system which uses a latch type mechanism for other embodi- comprises of a delay chain 310 and a phase locked loop 

ments. 10 (PLL) 312. The delay chain 310 is a K PLL delay chain 

FIG. 2B illustrates one embodiment of a parallel I/O link having a phase shift of 90° (or the desired rotation). The 

between two components 240, 250. This example shows delay chain 310 generates a first delayed strobe 306 by 

component A240 communicating with component B 250 via shifting STROBE 303 by 90° as STROBE 303 passes 

a parallel I/O link. Parallel here refers to the use of separate through. Delayed strobe 306, also known as the timing 

signals for data 260 and strobe 262, and not the presence of 15 strobe, is unfiltered relative to STROBE 303 such that cycle 

multiple data lines in the link. During a data transfer, data to cycle jitter is preserved to match DATA 302. Timing 

260 and strobe 262 are both driven from A 240 to B 250. strobe causes the latching action to occur in the latches 318. 

Strobe 262 can be used to notify the receiver as to when data By keeping the timing strobe in phase with DATA 302, 

is available. timing loss and noise margins may be reduced. Hence, the 

Component A 240 comprises a data source 242 and a 20 timing paths of the DATA 302 and timing strobe are pre- 

strobe source 246. Data source 242 provides a data signal to served from the output latch or driving pad of the sender 

an output driver 244, which in turn drives data 260 from over to the inbound latch of the receiver, 

component A 240 to component B 250. Strobe source 246 PLL 312 of this embodiment includes a voltage controlled 

provides a strobe signal to an output driver 248, which in oscillator such as a large inverter chain or a ring oscillator, 

turn drives strobe 262 from A 240 to B 250. 25 The oscillator provides an oscillating signal based on the 

Component B 250 comprises a data receiver 252 and a voltage level of a control signal. The oscillator can be 

strobe receiver 256. Data signal 260 is received at input controlled to speed up or slow down as desired. The oscil- 

driver 254, which in turn provides the data to data receiver lator is inputted a frequency at which to function. A phase 

252. Data receiver 252 may be a latch type mechanism. detector attempts to lock the input and output signals of the 

Strobe 262 is received at input driver 258 and propagated to oscillator. 

strobe receiver 256. Strobe receiver 256 may be a write state The PLL 312 takes STROBE 303 and generates a second 

machine. delayed strobe 308, pointer strobe. This second delayed 

FIG. 2C illustrates one embodiment of a serial I/O link strobe 308 is PLL filtered and rotated 90° with respect to 

between two components. This example shows component 35 STROBE 303. Pointer strobe 308 causes the WSM 320 to 

A270 communicating with component B 278 via a serial I/O point at the latch to store DATA 302. Glitches are not 

link. Serial here refers to the use of only a data signal and desirable on the pointer strobe 308 because an incorrect 

the absence of a strobe signal. During a data transfer, data pointer strobe 308 can lead to latching data in the wrong 

276 is driven from A 270 to B 278. Data 276 can include an sequence. Noise and glitches can occur on signal lines due 

embedded clock to notify the receiver as to when data is ^ to transmission line reflections, mismatches, ground bounce, 

available. etc. PLL 312 also provides a control signal 304 to delay 

Component A 270 comprises a data source 272. Data chain 310. Control signal 304 can cause the delay in the 

source 272 provides a data signal to an output driver 274, dela y chain 310 t0 var y as needed. The shared control 304 

which drives data 276 from A 270 to B 278. Component B of some embodiments can include analog voltages or digital 

278 comprises a data receiver 280. Data signal 276 is 45 oits - 

received at input driver 282, which provides the data to data If an extra pulse is seen on STROBE 303, pointer strobe 

receiver 280. Data receiver 278 may be a logic circuit that 308 is still properly supplied a pulse from the oscillator. The 

can generate a strobe from the embedded clock in data and PLL 312 tries to speed up the oscillator to catch up with the 

latch the data. extra strobe pulse. However, the loop time constant is 

FIG. 3A illustrates one embodiment of a single ended 50 extremely large and the acceleration of the oscillator is 

source synchronous strobe and data circuit 300 having a converted to jitter instead. Similarly, when a pulse is missing 

modified strobe path at the receiver end of a parallel I/O link. on STROBE 303, pointer strobe 308 is still properly sup- 

This circuit 300 receives a data signal DATA 302 and a P"ed a pulse from the oscillator. The PLL 312 tries to slow 

strobe signal STROBE 303 from a data transfer source. the oscillator to make up for the missing pulse. However, the 

DATA 302 is coupled is a set of FIFO latches 318. For 55 loop time constant is extremely large and the deceleration of 

alternative embodiments, other types of latch mechanisms ^e oscillator is converted to opposite jitter. In either 

can be used. STROBE 303 is coupled to a write state situation, the strobe glitch protection mechanism 311 is able 

machine (WSM) 320 through a modified strobe path. to recover from the problem with STROBE 303. The 

The modified strobe path 311 of the embodiment g htches are converted to jitter and do not incorrectly 

described here provides a first strobe 306 derived from a 60 advaDCe or miss advancing the latch pointers, 

delay element 310 and a PLL filtered strobe 308 to the WSM The circuit 300 of the present embodiment is designed to 

320. For this example, both the first strobe 306 and the PLL latch data on the edge transition of a strobe pulse. The actual 

filter strobe 308 are rotated 90° relative to STROBE 303. width of the strobe pulse is as important here. However, the 

The 90° rotation on the strobe signals centers the data strobe pulse should be reasonably close to the center of the 

window for latching. By splitting STROBE 303 into two 65 timing window in order to maximize timing margins, 

separate signals, this scheme can provide a robust strobe 308 For this embodiment, an accurate strobe rotation path is 

to the WSM 320 and also allow for tight data/strobe match- provided by inserting a delay element path through delay 
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chain 310 in parallel with PLL 312. Control elements in PLL 334. A control signal 304 is generated based on the sampled 

312 such as a delay element, control voltages, or control bits, signal 336 and STROBE 303. The transition rate of inverters 

can be shared with the delay chain 310 as with control signal 338, 340, 342, 344 can be modified by control signal 304 to 

304. Cycle by cycle jitter tracking of the DATA 302 and speed up or slow down. 

STROBE 303 signals is also available. 5 POINTER STROBE 308 is tapped from the inverter chain 

The PLL 312 in the modified strobe path 311 of this between the first fast inverter 346 and the second inverter 

embodiment filters out any occasional glitches in the strobe 340. Because delay x of this embodiment is much greater 

signal 303. The glitch is converted into additional jitter in the than x\ the phase shifts is predominately due to inverters 

PLL 312 instead of being propagated as an invalid transition 338, 340, 342, 344. Each of the inverters 338, 340, 342, 344 

to WSM 320. Hence, the WSM 320 should get a clean strobe 10 provide a phase shift of approximately 90°. The signal at 

signal 308 and be able to maintain accurate state informa- node 308 is shifted approximately 90° from STROBE 303. 

tion. The signal at node 336 has an offset of 0° degrees from 

The PLL 312 of one embodiment can use the same low STROBE 303. The signal between the second inverter 340 

pass filtering (LPF) capacitor as that of a DLL 112 in FIG. and the second fast inverter 348 has a offset of approxi- 

1. An embodiment of the present strobe glitcb mechanism 15 mately 180° from STROBE 303. The signal between the 

may be implemented so that there are only small differences third inverter 342 and the third fast inverter 350 has an offset 

in performance characteristics such as area and power ^ approximately 270° from STROBE 303. The phase shift 

capture range between the DLL 112 and the PLL 312 of the signal between the fourth inverter 344 and STROBE 

solutions 3 ^ is approximately 360°. The fast inverters 346, 348, 350 

The first delayed strobe 306 is coupled to the latch enable 20 invert * e si 8 nal > bm cause » inimal P hase shif ^ ^ the 

logic 326, 328 in the WSM 320. The second delayed strobe error of the sl S nal P 0SltlOD °1 ^ transiUons in the oscillator 

308 coupled to the pointer logic 322, which generates a ™* 5. es P ect *™°?JL™1 Jf ™ mi ™ aL l jS 

plurality of latch select signals 324. Pointer logic 322 embodiment, POINTER STROBE 308 is a filtered and 90° 

enables only one of the latch enable logic 326, 328. Latch „ rolated version of STROBE 303. 

select signals 324 are coupled to the latch enable logic 326, FIG. 3C illustrates another embodiment of the modified 

328. Latch enable logic 326, 328 of this embodiment logi- strobe path of FIG. 3A including a glitch filtering mecha- 

cally and together the first delayed strobe signal 306 and nism 360. STROBE 303 is coupled the input terminal of an 

latch select signals 324 to generate a latch enable signal 314, inverter 355. Inverter 355 provides a 180° phase shifted 

316. When the timing strobe 306 transitions, the selected version of STROBE 303 at its output terminal. For alteraa- 

latch enable logic will generate a pulse to the latches 318 to tivc embodiments, this shift may be performed at the data 

perform the latching acdon. Each one of these latch enable sender, making this inverter 355 unnecessary. The output 

signals 314, 316 are used to sequentially activate a corre- terminal of inverter 355 is TIMING STROBE 306. This 

sponding latch 318 to receive and store DATA 302. DATA glitch filtering circuit 360 filters STROBE 303 for the 

302 is not limited to a single data fine. For alternative 35 pointer path. 

embodiments, the larger number of data lines may be used. TIMING STROBE 306 is also coupled to the glitch 

FIG. 3B illustrates one embodiment of the strobe glitch filtering mechanism 360. The logic of this circuit 360 can be 

mechanism 311 in the modified strobe path of FIG. 3A. This designed to catch and filter out certain types of glitches in 

glitch strobe mechanism 311 comprises a delayed chain 310 the input signal, TIMING STROBE 306 in this example, 

and a PLL 312. STROBE 303 is connected to both the delay ^ This mechanism 360 includes an inverter delay chain 361 

chain 310 and the PLL 312. The exemplary strobe glitch having at total delay of x D , The number of inverters in the 

mechanism 311 of FIG. 3B includes two different strobe delay chain 361 can be increased and decreased to obtain the 

paths 306, 308. desired delay. For this embodiment, the inverter chain 361 

Delay chain 310 of this embodiment is a % PLL delay propagates TIMING STROBE 306 through three inverters 

chain proving a 90° phase shift for STROBE 303. STROBE 45 362 ' 364 ' 366 ^ out P ul of the final inverter 366 of inverter 

303 is connected to the input of inverter 330. Delay chain chain 361 * connected to a second terminal of nand gate 368 
310 comprises an inverter 330 with a delay of x chained to and a <*™<* terminal of nor S ate 376 TIMING STROBE 
a fast inverter 332 with a delay of t*. Delay x of this 306 * connected to a first terminal of nand gate 368 and a 
embodiment is much larger than delay x\ Inverter 330 is first terminal of nor gate 376. 

controlled with a control signal 304 that is generated from a 50 Logic gates 372, 380, 384 are connected together to form 

phase detector and filter circuit 334 in the PLL 312. Control an R-S type latch mechanism. Node 370 can be viewed as 

signal 304 can alter the transition speed of inverter 330. SET#, node 378 as RESET, node 382 as RESETS, node 374 

TIMING STROBE 306 is outputted from fast inverter 332. as Q, and node 386 as Q#. The output terminal 370 of nand 

TIMING STROBE 306 of this embodiment is not filtered gate 368 is connected to a first input of nand gate 372. The 

and retains the jittering characteristics of STROBE 303. 55 output terminal 374 of nand gate 372 is fed to a first input 

Thus TIMING STROBE 306 can track the jittering of DATA terminal of nand gate 384. The output terminal 378 of nor 

302. gate 376 is connected to the input terminal of inverter 380, 

STROBE 303 is connected to a phase detector and filter whose output terminal 382 is connected to a second input 

circuit 334. PLL 312 of this embodiment comprises a phase terminal of nand gate 384. The output terminal 386 of nand 

detector and filter circuit 334 and an oscillator inverter 60 S ate 384 * fed to a second input terminal of nand gate 372. 

chain. Since a voltage controlled oscillator requires an odd The output terminal 386 of nand gate 384 is also connected 

number of inversions, extra inverter stages 346, 348, 350 to the input terminal of inverter 388, whose output terminal 

were added to the oscillator of this embodiment. This * connected to the input of output driver 390. The signal at 

inverter chain comprises of four inverters 338, 340, 342, 344 the output terminal of driver 390 is POINTER STROBE 

with delay x chained to three fast inverters 346, 348, 350 6S 3 ^- 

with delay t\ The output 336 of the inverter chain from Glitch filtering circuit 360 takes an incoming signal, node 

inverter 344 is fed into the phase detector and filter circuit 306 in this example, and filters out certain types of glitches. 
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The path through delay chain 361 has a delay of x D . The converters 430, 432, 434, 436 of the VCO 415 and the strobe 

circuit 360 of this embodiment filters out transitions on the differential converter 417. 

incoming signal that occur within a window of width D for this embodiment, the differential VCO is set for 

provided that x D is greater than D. Time D is the time accurate 90° delays. The four differential converters 430, 

duration of the glitch or transitions. If the incoming signal 5 432, 434, 436 in the VCO 415 each provide a 90° shift in the 

glitches or transitions, but returns to its original signal level signal. POINTER STROBE 408 is tapped off at the 90° 

with a certain time D, then the circuit 360 of this embodi- po i nt between the first 430 and second 432 converters, 

ment can filter out the glitches or movements if D is less than POINTER STROBE 403 is coupled from the VCO 415 to 

x D . The delay may be stabilized across process voltage and pointer logic 422 in the WSM 420. Pointer logic 422 

temperature variations using a compensated delay chain 10 generates a plurality of latch select signals coupled to latch 

such as used in a Voltage Controlled Oscillator. enable logic 426, 428. Latch enable logic 426, 428 logically 

It should be noted that the filtered pointer strobe is and together the TIMING STROBE 406 and latch select 

delayed by x D , that may be acceptable in slower interfaces. signals to generate latch enable signals 414, 416. Each one 

For fast interfaces, the delay in the pointer strobe path must of these latch enable signals 414, 416 are used to sequen- 

be matched by the timing strobe path delay. 15 tially activate a corresponding latch 418 to receive and store 

FIG. 3D illustrates a flow chart of a method for strobe the shifted version 407 of DATA 402. Further it must be 

glitch protection for one embodiment. For this embodiment, noted that the write state machine and the timing path and 

a transfer clock is separated into a pointer path and a timing the FIFO can be maintained differential after the single 

path at step 392. The pointer path comprises a pointer strobe ended to differential conversion. Also the circuit shown in 

and the timing path comprises a timing strobe. At step 394, 20 FIG, 4 is easily adapted to differential data and strobe 

glitches are filtered from the pointer path. The pointer path signals. The single ended to differential stages 405 and 411 

and timing path are coupled at step 396 to generate latch are replaced by differential receivers, 

enable signals to latch data bits. Not all data transfers or communications are performed 

For alternative embodiments, such as in a serial link, the over parallel I/O links having separate data and strobe lines, 

method for strobe glitch protection will be different from 25 A serial I/O link may also be used. Serial links can be 

FIG. 3D. In a serial I/O link, a data input having a plurality cheaper than parallel links since only one signal line is 

of signal transitions is received. The data input comprises of needed, and they can be faster as there is no interconnect 

data and an embedded clock. A clock signal is extracted induced skew between strobe and data. For instance, a 

from the data input. A timing strobe and pointer strobe are transmission medium such as a cable link is expensive, 

generated. A latch enable signal is in turn generated from the 30 Minimizing the number of wires needed can reduce costs, 

timing strobe and pointer strobe. The latch enable signal is A serial link does not have an explicit strobing clock, 

used to latch data from the data input. Serial I/O links with an embedded clock are also used to 

FIG. 4 illustrates another embodiment of a single ended transfer data. In serial links, the latching of the data occurs 

source synchronous strobe and data circuit 400 including a 35 using a recovered clock from the data stream. The clock 

differential voltage controlled oscillator (VCO) 415 at the recovery employs a special PLL which uses the data tran- 

receiver end of a parallel I/O link. This circuit 400 takes sitions to act as the reference. This PLL effectively isolates 

single ended inputs, such as DATA 402 and STROBE 403, the data and clock jitter tracking on a cycle by cycle basis, 

and converts the signals into differential signals. Hence this FIG. 5A illustrates one embodiment of a data circuit 500 

embodiment can be used in a singled ended implementation. ^ at the receiver end of a serial I/O link. This circuit 500 

DATA signal 402 comes into the input of a single ended receives a data signal DATA 502 from a data transfer source, 

to differential converter 405. Similarly, STROBE signal 403 DATA 502 is coupled to a set of FIFO latches 518, a PLL 

is connected to the input of another single ended to differ- delay chain 510, and a PLL 512. This serial I/O link does not 

ential converter 411. Control signal CNTL401 is connected include a strobe signal. The latching edge to capture DATA 

to the differential converters 405, 411 to adjust and set the 45 502 in the FIFO latches 518 needs to be generated from 

delay (usually least). The signal paths and differential con- DATA 502 itself. For this embodiment, the latching clock 

verters 405, 411 on DATA 402 and STROBE 403 are 506 needs to include the pointer position and trigger edge, 

matched in order to maintain the transition and timing The trigger edge can be a low to high transition or a high to 

relationships of the signals. The inverted version of DATA low transition depending on the data values. A clock can be 

402 at that output terminal 407 of differential converter 405 50 created by including a edge to pulse converter circuit in 

is connected to the FIFO latches 418. delay chain 510 or elsewhere along the critical timing path. 

The two outputs (normal 419 and inverted 421) of the The critical liming path of this example traces from the delay 

strobe differential converter 411 are connected to a phase chain 510, along clock signal 506, through latch enable logic 

detector and filter 413 and a third differential converter 417. 526, 528, and latch enables 514, 516 to the latches 518. 

The third differential converter 417 provides a 90° shifted 55 The PLL delay chain 510 of this embodiment provides a 

inverted output 406 of the signals 419, 421. This inverted phase shift of 900 to DATA 502 and generates a clock signal 

output SHIFT STROBE 406 is coupled to latch enable logic 506 as a delayed version of DATA 502. The clock signal 506 

426, 428 in the WSM 420. is coupled to latch enable logic 526, 528 in the WSM 520. 

The differential VCO 415 of this example comprises of The latch enable logic of this embodiment is a logic block 

four differential converters 430, 432, 434, 436 chained 60 Fn 526, 528 able to generate select signals 514, 516 for a 

together. The outputs 438, 440 of the final stage 436 are fed serial link. The delay chain 510 of this embodiment also 

back to the input terminals of the first stage 430 and also to preserves timing jitters in DATA 502 and thus maintaining 

the phase detector and filter 413. The phase detector and the clocking relationship between DATA 502 and clock 

filter circuit samples the outputs 419, 421 of the strobe signal 506. Timing margin is also improved in the data 

differential converter and the outputs 438, 440 of the last 65 latching operations. 

stage 436 in the VCO 415, and generates a control signal The PLL 512 of this embodiment is designed to use the 

404. Control signal 404 is connected to the differential intermittent signal transitions edges of DATA 502 to latch. 
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The PLL512 transforms faulty edges into a jitter term. The 
PLL 512 takes DATA 502 and generates a POINTER 
STROBE signal 508 to pointer logic in the WSM 520. PLL 
512 also provides a control signal 504 to delay chain 510. 
Control signal 504 can cause the delay in the delay chain 510 
to vary as needed. The pointer logic 522 generates a plurality 
of latch select signals 524, which are coupled to Fn 526, 528. 
Fn 526, 528 uses clock signal 506 and latch select signals 
524 to generate latch enable signals 514, 516. Each one of 
these latch enable signals 514, 516 are used to sequentially 
activate a corresponding latch 518 to receive and store 
DATA 502. If there is no data edge, such as when two 
consecutive data bits are the same level, then the pointer 
strobe 508 is toggled and latch select signals 524 advanced 
appropriately. 

FIG. 5B illustrates one embodiment of the latch enable 
mechanism Fn 526 of FIG. 5A Input signals CLOCK 506 
and SELECT 524 are coupled to Fn 526. CLOCK 506 is 
connected to a first terminal of nand gate 536, to a first 
terminal of or gate 540, and to the input terminal of inverter 
530, Three inverters 530, 532, 534 for a delay chain. A 
delayed version 538 of CLOCK 506 is propagated from the 
output terminal of inverter 534 to a second input terminal of 
nand gate 536 and to a second input terminal of or gate 540. 

CLOCK signal 506 and the delayed CLOCK 538 signal 
are nanded together to generate CLK NAND 544. CLOCK 
signal 506 and the delayed CLOCK 538 signal are ored 
together to generate CLK OR 542. The output signal CLK 
NAND 544 from nand gate 536 is connected to an input 
terminal of nor gate 546. Similarly, the output signal CLK 
OR 542 of or gate 540 is connected to as second input 
terminal of nor gate 546. SELECT 524 is connected to a 
third input terminal of nor gate 546. The output of the three 
input nor gate 546, and Fn 526, is CLK LATCH 514. CLK 
LATCH 514 can be activated to enable a latch to capture 
data. 

In the foregoing specification, the invention has been 
described with reference to specific exemplary embodiments 
thereof. It will, however, be evident that various modifica- 
tions and changes may be made thereof without departing 
from the broader spirit and scope of the invention as set forth 
in the appended claims. The specification and drawings are, 
accordingly, to be regarded in an illustrative rather than a 
restrictive sense. 

What is claimed is: 

1. A method comprising: 

separating a transfer clock having a plurality of transfer 
clock edges into a pointer path and a timing path, 
wherein said pointer path and said timing path have 
dissimilar timing; 

filtering glitches from signals on said pointer path and 
allowing certain glitches from said transfer clock to 
appear on signals on said timing path; and 

coupling said pointer path and said timing path to gener- 
ate latch enable signals to latch data bits. 

2. The method of claim 1 wherein said timing path 
comprises a timing strobe, said timing strobe retaining 
jittering of said transfer clock. 

3. The method of claim 1 wherein said pointer path 
comprises a pointer strobe. 

4. The method of claim 3 wherein said pointer strobe 
activates latch enable logic. 

5. The method of claim 1 further comprising generating a 
clock signal for said pointer path. 

6. The method of claim 1 further comprising delaying 
propagation of said transfer clock to said timing path. 
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7. An apparatus comprising: 

a strobe glitch protection mechanism configured to 
receive a strobe signal, said glitch protection mecha- 
nism further configured to provide a timing strobe and 
5 a pointer strobe, said timing strobe to include timing 
information from said strobe signal, and said pointer 
strobe to be filtered of one or more glitch on said strobe 
signal; and 

a state machine coupled to said strobe glitch protection 
50 mechanism, said state machine configured to receive 
said timing strobe and said pointer strobe, and to 
generate a latch enable signal based on said timing 
strobe and said pointer strobe. 

8. The apparatus of claim 7 wherein said glitch protection 
15 mechanism comprises a phased locked loop to generate a 

pointer strobe. 

9. The apparatus of claim 7 wherein said glitch protection 
mechanism comprises a delay mechanism to generate a 
timing strobe. 

20 10. The apparatus of claim 7 wherein said glitch protec- 
tion mechanism comprises a glitch filter mechanism to 
remove glitches having a duration less than a set time limit 
on said strobe signal. 

11. The apparatus of claim 7 wherein said pointer strobe 
25 is rotated 90° relative to said strobe signal. 

12. The apparatus of claim 7 wherein said timing strobe 
is rotated 90° relative to said strobe signal and retains 
jittering of said strobe signal. 

13. The apparatus of claim 7 wherein said strobe glitch 
30 mechanism splits said strobe signal into a timing path and a 

pointer path. 

14. The apparatus of claim 7 further comprising a latch 
mechanism coupled to said state machine. 

15. The apparatus of claim 7 wherein said latch enable 
35 signal is used latch data bits. 

16. An integrated circuit device comprising: 
a data input configured to receive data bits; 

a strobe input configured to receive a strobe signal; 
40 a circuit coupled to said data input and said strobe input, 
said circuit to configured to receive data from an I/O 
link, said circuit comprising: 

a strobe glitch protection mechanism to receive a strobe 
signal, said glitch protection mechanism configured 

45 to provide a timing strobe and a pointer strobe, said 

timing strobe including timing information from said 
strobe signal, and said pointer strobe filtered of one 
or more glitch appearing on said strobe signal; 
a state machine coupled to said strobe glitch protection 

so mechanism, said state machine configured to receive 

said timing strobe and said pointer strobe, and to 
generate a latch enable signal based on said timing 
strobe and said pointer strobe; and 
a latch mechanism coupled to said write state machine, 

55 said latch mechanism configured to receive a plural- 

ity of data bits and said latch enable signal, said latch 
mechanism to latch said data bits in accordance with 
said latch enable signal. 

17. The integrated circuit device of claim 16 wherein said 
60 integrated circuit device is a processor. 

18. The integrated circuit device of claim 16 wherein said 
integrated circuit device is a firmware hub. 

19. The integrated circuit device of claim 16 wherein said 
integrated circuit device is a memory device. 

65 20. A system comprising: 

a system bus, said bus configured to propagate data bits 
and a clock signal; 
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an I/O interface coupled to said system bus; 

a component coupled to said system bus, said component 

to receive data from an I/O link during a data transfer, 

said component comprising: 

a strobe glitch protection mechanism configured to 
receive a strobe signal, said glitch protection mecha- 
nism further configured to provide a timing strobe 
and a pointer strobe, said timing strobe to include 
timing information from said strobe signal, and said 



generating a latch enable signal from said timing strobe 

and said pointer strobe; and 
using said latch enable signal to latch said data from said 

data input. 

26. The method of claim 25 wherein said timing strobe 
retains jitters of said data input. 

27. The method of claim 25 wherein said timing strobe is 
a delayed version of said data input. 

28. The method of claim 25 wherein said pointer strobe 



pointer strobe to be filtered of one or more type of 10 controls activation of latching. 



20 



glitch on said strobe signal; 

a state machine coupled to said strobe glitch protection 
mechanism, said state machine configured to receive 
said timing strobe and said pointer strobe, and to 
generate a latch enable signal based on said timing 15 
strobe and said pointer strobe; 

a latch mechanism coupled to said write state machine, 
said latch mechanism configured to receive a plural- 
ity of data bits and said latch enable signal, said latch 
mechanism to latch said data bits in accordance with 
said latch enable signal. 

21. The system of claim 20 wherein said timing strobe 
retains jittering of said strobe signal. 

22. The system of claim 20 wherein glitches are filtered 
from said pointer strobe. 

23. The system of claim 20 wherein said strobe glitch 
mechanism splits said strobe signal into a timing path and a 
pointer path. 

24. The system of claim 20 wherein said I/O interface is 
coupled to data transfer source. 

25. A method comprising: 

receiving a data input having a plurality of signal 
transitions, said data input comprising data and an 
embedded clock; 

extracting a clock signal from said data input and gener- 
ating a timing strobe and a pointer strobe, said timing 
strobe to include timing information from said strobe 
signal, and said pointer strobe to be filtered of at least 
one type of glitch on said strobe signal; 



35 



29. A method comprising: 
separating a strobe signal into a pointer strobe on a pointer 

path and a timing strobe on a timing path, said pointer 
strobe filtered of one or more strobe glitches that appear 
on said strobe signal, said tuning strobe unfiltered of 
said strobe glitches and retaining timing information 
and jitter from said strobe signal; 
generating a select signal in response to said pointer 
strobe, said select signal to select one of a plurality of 
data latches; 

generating a latch enable signal in response to said timing 
strobe for said selected data latch, said latch enable 
signal to activate said data latch to capture data. 

30. The method of claim 29 further comprising receiving 
said pointer strobe at a write state machine, said write state 
machine to sequentially activate and deactivate select sig- 
nals in response to transitions on said pointer strobe. 

31. The method of claim 30 further comprising receiving 
said timing strobe at latch enable logic, said latch enable 
logic to provide a latch pulse to selected data latch based on 
a logical combination of said select signals and said timing 
strobe. 

32. The method of claim 31 wherein said pointer strobe 
and said timing strobe are dissimilar versions of said strobe 
signal. 

33. The method of claim 32 wherein said pointer strobe 
and said timing strobe have dissimilar signal timing. 
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[57] ABSTRACT 

An equivalent time pseudorandom sampling system 
samples a repetitive waveform within each of several 
narrow acquisition windows bounding repetitive sec- 
tions of the waveform in order to obtain equivalent time 
sample data characterizing the shape of the waveform 
included within the acquisition windows. The period 
between successive triggering events is measured and 
sampling is delayed following an initiating triggering 
event by delay time adjusted according to the measured 
period so as to maximize the probability that sampling 
will occur within an acquisition window. The time 
difference between samples and subsequent triggering 
event is measured with high accuracy and resolution 
utilizing a time interval measurement system based on a 
dual vernier interpolation. 
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are not synchronized but the time interval between 

EQUIVALENT TIME PSEUDORANDOM samples within each acquisition window and a trigger- 

SAMPLING SYSTEM ing event associated with the window is measured. 

The resolution of sequential sampling systems de- 

BACKGROUND OF THE INVENTION 5 pends on the resolution in control over sample timing 

The present invention relates in general to waveform d ^ay whil * the resolution of random sampling systems 

sampling systems and more particularly to a pseudoran- depends on the resolution in measurement of the time 

dom sampling system wherein a repetitive waveform is differences between sampling strobes and triggering 

sampled at a predetermined time following a triggering events. In sequential equivalent time sampling the tim- 

event in a waveform and wherein* the time interval 10 ing of each sample is predetermined and there is essen- 

between the sample and a subsequent triggering event is tially a one hundred percent probability that each sara- 

accurately measured. pie will be taken within an acquisition window. How- 

A typical waveform sampling system repetitively ever in random equivalent time sampling systems, the 
strobes a sampling gate to sample a waveform at several timing of each sample is not predetermined and many 
points and the analog samples obtained are converted 15 samples may be taken outside the intended acquisition 
into digital data and stored in memory. In order to window and must be discarded. The controllability of 
accurately characterize the shape of a sampled wave- sample timing within an acquisition window afforded 
form, sample data should convey not only the magni- by sequential sampling permits samples to be taken at 
tude of each waveform sample but the relative timing of evenly spaced relative times within the acquisition win- 
each sample with respect to a triggering event (such as 20 dows such that a minimum number of samples are re- 
a zero crossing) in the waveform. Sequential and ran- quired to obtain a given resolution while in random 
dom sampling systems each provide timing information sampling systems samples are not necessarily evenly 
in a different way. Sequential sampling systems typi- spaced ^ more samples must be in order t0 
cally sample the waveform at predetermined regular thieve the same degree of resolution. Therefore when 
time intervals following a triggering event in the wave- 25 ^ u frequency for tmdam and sequential 
form bemg sampled. The sampled waveform magnitude ^y^enX time sampling is comparable, the random 
data is stored in memory in the order that it is acquired lin method ^ more ^ ' achieve d 
and since the sample tuning is regular and predeter- ^ d * of s £ resolution than sequential sam- 
mined, the position of the sample data in the memory is ^ r ° ^ 
indicative of relative timing. In random sampling sys- 30 p 6 ' 

terns, sampling strobe signals are not synchronized to , * ue , t0 Pitied hmiUitions of sequential sampling 
triggering events in the waveform and therefore the strobe dnve circu1 ^' ^triggering event must precede 
timing of each sampling strobe is "random" with re. ™ acquisition window by a certain amount of time. If 
spect to triggering even* and not predetermined: Thus ll ? e ^ggenng event is m the acquisition window, sam- 
in random sampling systems it is necessary to measure 35 cannot be taken before the triggering event and 
the time interval between each sample and a triggering therefore the entire window cannot be sampled. A trig- 
event in the waveform in order to determine the relative S erm S e ven ! occurring during one acquisition window 
timing of each sample. The measured timing data is be utlllzed t0 trigger sampling for a subsequent 
stored in memory along with the sampled waveform acquisition window. However in such systems wave- 
magnitude data. ' 40 form "jitter" reduces sampling accuracy. Not all repeti- 

Sampling systems are also characterized as to tive waveforms are periodic since the time between 

whether they perform real time or equivalent time sam- repetitive waveform sections in "jittery" waveforms 
pling. In real time sampling systems a single section of a varv and the sample timing within an acquisition 

waveform is sampled and the resolution of the sampling, window may vary from expectations if the triggering 

i.e., the maximum time between samples, depends en- 45 ev cnt occurs outside the acquisition window. Conse- 

tirely on the sampling frequency. Real time sampling is quently, in many equivalent time sequential sampling 

most suitable for non-repetitive or relatively low fre- systems the sampled waveform is delayed following 

quency periodic waveforms. trigger pickoff, before being applied to the sampling 

The equivalent time sampling method is used to ob- gate, so that a triggering event within an acquisition 

tain data characterizing a repeating section of a reia- 50 window may be utilized to trigger sampling over the 

tively high frequency, repetitive waveform. In equiva- full range of the sample of the acquisition window, 

lent time sampling, the waveform is sampled one or However, delay circuits may distort some waveforms 

more times during each of several successive "acquisi- to an intolerable degree and must be periodically mea- 

tion windows", each acquisition window comprising a sured to ensure that the delay time is accurately known, 
time period bounding a different repetition of the partic- 55 What is needed is a method and apparatus for sam- 

ular section of the waveform to be sampled. In sequen- pling a waveform with high resolution and high speed 

tial equivalent time sampling systems, a repetitive trig- which is not subject to error due to waveform jitter and 

gering event in the waveform occurring at some known which does not require the delay of the waveform being 

time with respect to each acquisition window initiates sampled. 

sampling during each acquisition window. The initia- 60 cmAiABv ™? Tin: TM\n:wTTnM 

tion of sampling is delayed by differing predetermined SUMMARY OF THE INVENTION 

times after each triggering event so that sampling oc- In accordance with one aspect of the invention an 

curs at different relative times within each acquisition equivalent time pseudorandom sampling system sam- 

window. The sample data is then ordered according to pies a repetitive waveform within each of several nar- 

the relative sampling time within an acquisition window 65 row acquisition windows positioned at similar times 

rather than according to the actual order in which the with respect to similar triggering events along the 

sample data was acquired. In random equivalent time waveform in order to obtain equivalent time sample 

sampling systems, sampling times and triggering events data characterizing the shape of a waveform section 
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included within each acquisition window. The period 
between successive triggering events is measured and 
sampling is delayed following an initiating triggering 
event by a delay time which is adjusted according to the 
measured period between triggering events so as to 5 
maximize the probability that sampling will occur 
within an acquisition window. The time difference be- 
tween each sample and a triggering event within or near 
the acquisition window bounding the sample is then 
measured in order to accurately determine the timing of 10 
the sample with respect to the triggering event. The 
equivalent time pseudorandom sampling system of the 
present invention improves the data acquisition speed 
over prior art equivalent time random sampling systems 
by maximizing the number of samples taken within an 
acquisition window. The effect of waveform jitter is 
reduced by accurately measuring sample timing with 
respect to triggering events and there is no need to 
delay the waveform between trigger pickoff and sam- 2Q 
pling. 

In accordance with another aspect of the invention, 
the relative timing within an acquisition window of 
each successive sample is delayed by regularly increas- 
ing time intervals so that samples are taken at substan- 25 
tially evenly spaced relative times within the acquisition 
windows, thereby minimizing the number of samples 
required to achieve a given sampling resolution. 

In accordance with another aspect of the invention, 
the time intervals between waveform samples and trig- 30 
gering events are measured with high accuracy utilizing 
a novel time interval measurement system based on dual 
vernier interpolation. The strobe and triggering events 
each trigger the periodic output signal of a separate 
triggerable oscillator, each operating at a frequency 35 
differing slightly from the frequency of a surface acous- 
tic wave (SAW) generator which periodically produces 
a reference signal. The triggering of one triggerable 
oscillator starts a count of the SAW generator output 
signals while the triggering of the other triggerable 40 
oscillator stops the count The completed count is thus 
a gross measurement of the time interval between the 
strobe and the trigger. The phase differences between 
the first SAW strobe signal counted and the triggering 
of the first oscillator and between the last SAW strobe 45 
signal counted and the triggering of the second oscilla- 
tor are also measured and used to finely adjust the mea- 
sured time interval between the triggering events and 
strobe signals. 50 

It is accordingly an object of the invention to provide 
an new and improved pseudorandom equivalent time 
waveform sampling system capable of sampling high 
speed repetitive waveforms with high accuracy, high 
resolution and high speed. 55 

The subject matter of the present invention is particu- 
larly pointed out and distinctly claimed in the conclud- 
ing portion of this specification. However, both the 
organization and method of operation, together with 
further advantages and objects thereof, may best be 60 
understood by reference to the following description 
taken in connection with accompanying drawings, 
wherein like reference characters refer to like elements. 

DRAWINGS 65 

FIG. 1 shows a timing diagram depicting the opera- 
tion of the equivalent time pseudorandom time sampling 
system according to the present invention; 



4 

FIG. 2 is a block diagram of the equivalent time 
pseudorandom time sampling system according to the 
present invention; 

FIG. 3 is a block diagram of a typical trigger genera- 
tor of the sampling system of FIG. 2; 

FIG. 4 is a block diagram of the strobe drive genera- 
tor circuit of FIG. 2; 

FIG. 5 is a block diagram showing the phase locked 
oscillators and the interval timer of FIG. 2 in more 
detail; and 

FIG. 6 shows a timing diagram of the operation of the 
phase detectors of FIG. 5. 

DETAILED DESCRIPTION 

FIG. 1 shows a timing diagram illustrating equivalent 
time pseudorandom sampling according to the present 
invention. A repetitive input waveform Vin is sampled 
during each of four successive acquisition windows 
(W1-W4), each coinciding with a separate instance of a 
repetitive section of the input waveform. Each of four 
waveform samples is initiated by one of a sequence of 
four sampling strobes (S1-S4). In the example of FIG. 
1, strobe SI occurs at the beginning of acquisition win- 
dow Wl, strobe S2 occurs after the beginning of acqui- 
sition window W2 (about one-third of the time through 
the window), strobe S3 occurs within window W3 
(about two-thirds of the time through the window), and 
strobe S4 occurs at the end of acquisition window W4. 
If each waveform sample is converted into a representa- 
tive digital quantity and stored in memory, the stored 
data can be utilized to recreate the approximate shape of 
the waveform section within the acquisition windows, 
provided that the relative timing of each sample within 
a acquisition window is known. Accordingly the times 
(P1-P4) between each strobe signal S1-S4 and a corre- 
sponding triggering event T1-T4 (such as a zero cross- 
ing in the input waveform) occurring within or near the 
same acquisition window as the corresponding strobe 
signal is measured. This measured time interval may 
also be stored in memory along with the waveform 
magnitude data, and when the magnitude and timing 
data are displayed as dots on a screen with each dot 
having a vertical elevation proportional to the corre- 
sponding sample magnitude data and a horizontal posi- 
tion proportional to the measured timing data, the result 
approximates the shape of the waveform during the 
acquisition window. 

The strobe signals are initiated in delayed response to 
a triggering event. For instance, strobe signal SI is 
initiated in responde to a triggering event TO occurring 
in the input waveform Vin during a cycle of the wave- 
form preceding acquisition window Wl. Similarly, 
strobe signal S2 is generated in delayed response to 
triggering event Tl, strobe S3 is generated in response 
to triggering event T2 and strobe S4 is generated in 
response to triggering event T3. According to the pres- 
ent invention, the delay between a triggering event and 
the strobe that it initiates is adjusted so that the strobe is 
most likely to occur within the corresponding sampling 
window and so that the position of each successive 
strobe is progressively delayed by a regular amount of 
time with respect to the triggering event. In order to 
determine the acquisition window delay time, i.e., the 
time between a triggering event and the next section of 
the waveform to be sampled, the period between trig- 
gering events (not shown) occurring before triggering 
event TO is measured and used as a predictor of when 
triggering events T1-T4 will occur with respect to 
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triggering event TO. The delay times between trigger- circuit 32 utilizes when determining the time interval 

ing events T0-T3 and strobe signals S1-S4, respec- between the triggering of TPLO 28 and TPLO 30. The 

tively, are then adjusted so that strobe signals S1-S4 are interval timer circuit also provides signals which fre- 

genc rated at predetermined, regularly incremented quency lock the VI and V2 signals to predetermined 

times with respect to the predicted timing of corre- 5 frequencies using the SAW oscillator 34 frequency as a 

sponding triggering events T1-T4. Although for sim- reference. 

plicity the example of FIG. 1 shows only four strobes, The trigger signal outputs of trigger generators 19 

many more samples may be taken, the relative sampling and 20 are connected to gate open (O) and gate close 

times of successive samples being progressively in- (C) inputs of a gated counter 38. Counter 38 counts the 

creased by smaller amounts to provide higher sampling 10 cycles of the output signal VI from TPLO 28 which 

resolution. occur after the trigger signal produced by trigger gen- 

The use of the premeasured time interval between erator 19 and before the trigger signal produced by 

prior triggering events as a predictor of the time inter- trigger generator 20. The count data is then provided to 

val between subsequent triggering events enables strobe microprocessor 26. 

signal timing to be controlled so as to maximize the 15 Each trigger generator 18-22 is armed by a signal 

probability that each strobe signal will be generated from an arming controller 40, suitably comprising a 

within an acquisition window, even when the acquisi- state machine programmed by data from microproces- 

tion window is relatively narrow. By subsequently mea- sor 26, and each trigger generator 18-22 transmits an 

suring the actual time interval between each strobe indicating signal to arming controller 40 whenever it 

signal and a triggering event within or near the acquisi- 20 detects a triggering event. 

tion window to deterrnine the actual timing of each In order to measure the period between successive 

strobe, the effect of input waveform jitter on sampling triggering events in the Vin waveform, microprocessor 

accuracy is minimized. 26 switches multiplexer 16 so that it supplies the Vin 

Referring to FIG. 2, depicting in block diagram form waveform as input to both trigger generators 19 and 20 
the equivalent time pseudorandom sampling system 10 25 and programs arming controller 40 to alternately arm 
according to the present invention, sampling system 10 trigger generators 19 and 20. After trigger generator 19 
includes a sampling gate 12 for sampling the input detects a triggering event in the Vin waveform, it gen- 
waveform Vin on each occurrence of a strobe signal in erates its trigger signal output to start the count of cy- 
order to produce an output voltage sample Vo. The cles of the VI output signal of TPLO 28 by period 
strobe signal is generated by a strobe generator 14 in 30 counter 38. Trigger generator 19 also transmits a signal 
response to an input strobe drive signal. At the same to the arming controller 40 indicating that the trigger- 
time, strobe generator 14 also generates a strobe sense ing event has been recognized. In response to the indi- 
signal which is applied as an input to a multiplexer 16. eating signal, the arming controller 40 immediately 
The Vin signal is also provided to another input of disarms trigger generator 19 and arms trigger generator 
multiplexer 16. Multiplexer 16 has five outputs, each 35 20 so that trigger generator 20 generates its output trig- 
connected to a separate trigger generator 18-22, and the ger signal on detection of the next triggering event in 
multiplexer is adapted to selectively connect any one of the Vin waveform in order to stop the count of period 
its inputs to any one or more of the trigger generators. counter 38, When the trigger generator 20 transmits its 

The triggering event recognized by trigger genera- indicating signal back to the arming controller 40, the 
tors 18-22 is the crossing of a predetermined level by an 40 arming controller sends a signal to the microprocessor 
-input waveform, the level being determined by data telling it that it may read and reset the count in period 
supplied by microprocessor 26. When generator 18 counter 38. The period between the successive trigger- 
produces an output trigger signal in response to a trig- ing events can be determined by dividing the count by 
gering event in an input signal from multiplexer 16, its the frequency of the VI signal output of TPLO 28. 
output trigger signal is transmitted to a strobe drive 45 The microprocessor 26 then utilizes the measured 
generator 24. After a predetermined delay time follow- period data when setting the delays between the trigger 
ing the trigger signal produced by trigger generator 18, output of trigger generator 18 and the strobe drive 
strobe drive generator 24 produces the strobe drive signal produced by strobe drive generator 24 so as to 
signal which initiates operation of the strobe generator properly time the strobe signals applied to the sampling 
14. 50 gate 12. The microprocessor also supplies count limit 

When trigger generator 21 produces an output trig- data to each trigger generator 18-20 which tells the 
ger signal in response to a predetermined triggering trigger generator to initiate a trigger signal only after a 
event in its input signal, this trigger signal triggers a predetermined number of trigger signals have been 
triggered phase-locked oscillator (TPLO) 28. On re- generated. Thus, for instance, if trigger generator 20 is 
ceipt of the trigger signal from trigger generator 21, 55 told to initiate a trigger only after detecting 10 trigger 
TPLO 28 stops and restarts its periodic output signal VI signals, the resulting count produced by counter 38 can 
such the the VI signal is synchronized to the trigger be used to determine an average period between trig- 
signal. The trigger signal output of trigger generator 22 gering events. The use of of an averaging measurement 
is applied as a triggering input to another TPLO 30 is preferable when the input waveform is subject to 
which also stops and restarts is periodic output signal 60 random jitter. 

V2 in response to the triggering input. The VI output Prior to an equivalent time pseudorandom sampling 

signal of TPLO 28 and the V2 output signal of TPLO operation, microprocessor 26 sets trigger generator 21 

30 are applied as inputs to an interval timer circuit 32 to detect a predeterrained triggering event in the Vin 

adapted to measure the time interval between the re- waveform and sets trigger generator 22 to detect the 

starting of the VI and V2 signals and to provide data 65 occurrence of the strobe sense signal produced by 

indicating the measured time intervals to a microproces- strobe generator 14 so that interval timer 32 measures 

sor (MPU) 26. A surface acoustic wave (SAW) oscilla- the time intervals between triggering events and strobe 

tor 34 provides a reference signal which interval timer sense signals. Referring to both FIGS. 1 and 2, the 
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initial triggering event TO causes trigger generator 18 to 
transmit its output trigger signal to stribe drive genera- 
tor 24 which produces a strobe drive signal at a prede- 
termined delay time following the trigger signal, the 
delay time being predetermined by data previously 5 
supplied to the strobe drive generator 24 by the micro- 
processor 26. The strobe drive signal causes the strobe 
generator 14 to generate strobe signal SI along with a 
strobe sense signal. The strobe sense signal is transmit- 
ted through multiplexer 16 to the trigger generator 22 10 
which causes trigger generator 22 to trigger (stop and 
restart) the output of TPLO 30. When the output signal 
V2 of TPLO 30 is triggered, interval timer 32 begins an 
interval measurement On detection of triggering event 
Tl, trigger generator 21 produces its output trigger 15 
signal which triggers the VI output signal of TPLO 28 
thereby marking the end of the interval measured by 
interval timer 32. Thus the interval timer 32 measures 
the time interval PI of FIG. 1 between the strobe signal 
SI and the triggering event TL 20 

The triggering event Tl also causes trigger generator 
18 to produce another trigger signal provided to strobe 
drive generator 24 causing strobe drive generator 24 to 
produce a second strobe drive signal in order to initiate 
strobe signal S2. The timing between triggering event 25 
Tl and strobe signal S2 is also determined by data previ- 
ously provided to the strobe drive generator 24 by the 
microprocessor 26. When strobe generator 14 produces 
strobe signal S2 it produces a second strobe sense signal 
which is transmitted through multiplexer 16 to trigger 30 
generator 22 thereby causing trigger generator 22 to 
initiate a second triggering signal, retriggering the 
TPLO 30, and starting another time interval measure- 
ment. When trigger generator 21 detects triggering 
event T2, it retriggers TPLO 28 to mark the end of the 35 
interval measured by interval timer 32. Thus the output 
of interval timer 32 now represents the period P2 be- 
tween the strobe signal S2 and the triggering event T2. 
The process continues such that the interval timer 32 
successively measures the period P3 between the strobe 40 
signal S3 and event T3 and the period P4 between the 
event T4 and the strobe signal S4. The interval timer 32 
is adapted to measure the interval between the initiation 
of VI and V2 regardless of which signal is initiated first. 
Therefore in the case of period P4 between the trigger- 45 
ing event T4 and the strobe signal S4, the triggering of 
TPLO 28 initiates interval measurement while the trig- 
gering of TPLO 30 in response to the strobe sense signal 
terminates the interval measurement. 

Referring to FIG. 3, depicting in more detailed block 50 
diagram form trigger generator 18 of FIG. 2, the trigger 
generator includes a comparator 42 for producing an 
output pulse the first time the magnitude of the output 
signal from the multiplexer 16 of FIG. 2 rises above an 
output signal of a digital-to-analog converter 44 follow- 55 
ing receipt of an arming signal A from the arming con- 
troller 40 of FIG, 2. The magnitude of the output signal 
of converter 44 is determined by data from the micro- 
processor 26 of FIG. 2. The trigger signal output of 
comparator 42 is applied as an input F to the arming 60 
controller 40 of FIG. 2. Trigger generators 19-22 are 
similar to trigger generator 18 of FIG. 3. 

A strobe drive circuit suitable for use as strobe drive 
generator 24 of FIG. 2 is described in detail in co-pend- 
ing U.S. patent application Ser. No. 06/858,490 filed 65 
Apr. 30, 1986. Referring to FIG. 4, depicting in more 
detailed block diagram form the strobe drive generator 
24 of FIG. 2, strobe drive generator 24 includes a trig- 
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gered phase-locked oscillator (TPLO) 48 which stops 
and restarts a periodic output signal V3 when triggered 
by a trigger signal produced by trigger generator 18 of 
FIG. 2. The trigger signal is also applied to an enable 
input of a low jitter digital delay generator 50 similar to 
a delay generator described in copending U.S. patent 
application Ser. No. 06/845,282 filed Mar. 28, 1986. The 
V3 output signal of TPLO 48 is applied to a count input 
of delay circuit 50 and when the trigger signal is as- 
serted, the delay circuit begins decrementing a pre- 
stored number, the number being decremented by one 
on each cycle of the V3 signal. When the stored number 
reaches zero, the delay circuit 50 outputs a pulse V4 to 
a programmable delay circuit 52. Delay circuit 52 de- 
lays the V4 pulse by a delay time determined by an 
applied control voltage Vc in order to produce the 
strobe drive output signal of the strobe drive generator 
24. The V4 pulse is also fed back to a data load input of 
delay generator 50 which causes delay generator 50 to 
stop counting and to load a new number for starting a 
new count down when enabled by the next occurrence 
of a trigger signal. 

The input data for the delay generator 50 and the 
predetermined delay time of programmable delay cir- 
cuit 52 arc controlled by data from the state machine 54 
which is clocked by the strobe drive signal. The delay 
time data output of state machine 54 is converted to the 
control voltage Vc by a linearizing circuit 53 adapted to 
linearize changes in time delay of delay circuit 52 with 
respect to changes in delay time data provided by state 
machine 54. A circuit suitable for use as programmable 
delay circuit 52 is described in co-pending patent appli- 
cation Ser. No. 06/846,320 filed Mar. 31, 1986 and a 
circuit suitable for use as linearizing circuit 53 is de- 
scribed in co-pending patent application Ser. No. 
06/846,319 filed Mar. 31, 1986. 

The input data applied to delay generator 50 grossly 
adjusts strobe delay while the delay time data transmit- 
ted to linearizing circuit 53 finely adjusts the strobe 
delay. Prior to a sampling operation, but after determin- 
ing the nominal period between successive triggering 
events, microprocessor 26 of FIG. 2 programs state 
machine 54 to properly adjust the delays between suc- 
cessive trigger signals and the output strobe drive sig- 
nal. In the example illustrated in FIG. 1, state machine 
54 is programmed to step through four separate states, 
one for each strobe signal. While in a first state, state 
machine 54 generates delay control data sufficient to 
provide the appropriate delay between triggering event 
TO in the input waveform Vin and the strobe signal SI. 
When the strobe drive signal initiating strobe signal SI 
is generated by the programmable delay circuit 52, the 
strobe drive signal switches the state machine 54 to a 
second state in which the data output of the state ma- 
chine increases the delay between the trigger and strobe 
drive signal to the interval required between triggering 
event Tl and strobe signal S2 as shown in FIG. 1. When 
the strobe drive signal initiating strobe signal S2 is pro- 
duced, state machine 54 switches to a third state 
wherein the delay is increased once again to the time 
interval required between triggering event T3 and 
strobe signal S4 of FIG. 1. When the last strobe drive 
signal is generated, state machine 54 transmits a signal 
back to microprocessor 26 indicating the end of a sam- 
pling cycle. 

The periodic output signal V3 of the TPLO 48 is also 
applied to the count input of another digital delay gen- 
erator 55, similar to delay generator 50. The trigger 
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signal and the V4 signal are also applied to the count signal V5 of phase detector 72 oscillates at the same 

enable and data load control inputs of delay generator frequency as the output VI' of divide-by-N counter 58. 

55 and the state machine 54 also supplies input data to This occurs when the output signal of TV CO 56 is 
delay generator 55. When a V4 pulse is generated, delay (N-f 1)/N times the frequency of the SAW oscillator 
generator 55 stores input data from state machine 54 5 output signal, i.e., when VI is 313.380 megahertz, 
and, when subsequently enabled by the trigger signal, Referring to FIG. 6, showing a timing diagram of the 
begins decrementing the stored input data by one on operation of phase detector 72, the phase detector is 
each cycle of the V3 signal. When the stored input data adapted to sample the VI input waveform on each 
is decremented to zero, delay generator transmits an occurrence of strobe signal Vs output of SAW oscilla- 
indicating signal K to the arming controller 40 of FIG. 10 tor 34. Since the strobe signal Vs is of a slightly higher 
2. The arming controller then transmits an arming sig- frequency than the oscillator output signal VI, the 
nal A to the trigger generator 18 of FIG. 2, which phase detector 72 samples the oscillator output signal at 
permits the trigger generator to produce another trig- a progressively earlier point on each cycle of the output 
ger signal on occurrence of the next triggering event. signal VI. In the example of FIG. 6 the first strobe 
The input data provided to delay generator 55 is ad- 15 signal Vs occurring after TVCO 56 of FIG. 3 receives 
justed to prevent trigger generator 18 from retriggering a trigger signal causes the phase detector 72 to sample 
the TPLO 48 until a strobe drive signal has been gener- the TVCO output signal at time TS1 and the next strobe 
ated in response to the last trigger signal. This feature is signal causes die phase detector 72 to sample the VI 
necessary when a very high frequency waveform is signal at time TS2. The magnitude of the sample at time 
being sampled and not every triggering event is to initi- 20 TS2 is higher than the sample at time TS1. With each 
ate a sampling strobe. successive strobe signal Vs, the sampled magnitude 

Referring to FIG. 5 depicting in more detailed block changes until time TSn when the sampled magnitude of 
diagram form the triggered phase-locked oscillators 28 the VI signal rises above zero. At this point phase de- 
and 30 and the interval timer circuit 32 of FIG. 2, tector 72 transmits the V5 pulse to flip-flop 74 of FIG. 
TPLO 28 includes a triggered, voltage-controlled oscil- 25 5. The number of cycles n of VI occurring after the 
lator (TVCO) 56, a divide-by-N counter 58, low fre- trigger signal but before phase detector 72 produces the 
quency phase detector 60, and a filter circuit 62. The V5 output signal are counted and the time difference TP 
trigger signal from the trigger generator 21 of FIG. 2 between the trigger signal and the point of phase coinci- 
triggers TVCO 56 which stops and restarts the VI dence between the zero crossing of the VI signal and 
output signal of the TPLO 28 so as to synchronize the 30 the Vs signal at time Tn is computed by multiplying h 
VI signal to the trigger signal. The VI output signal by the step size of the relative phase shift between Vs 
clocks the divide-by-N counter 58 which produces an and VI after each cycle of VI. In the preferred embodi- 
output signal VI' lower in frequency than VI by a ment of the invention, with Vs at a frequency of 3 15.457 
factor of N. The VI' signal is applied to the reference megahertz and with VI at a frequency of 315.380 mega- 
input of the low frequency phase detector 60 which 35 hertz, the step size and therefore the resolution of the 
produces an output signal equal to the difference in measurement is 0.774 picoseconds. Thus, for example, if 
magnitude between the VI' signal and the frequency n is 100, TP is about 77.4 picoseconds. In FIG. 6 the 
locking signal produced by the interval timer circuit 32. difference in frequency between the Vs and VI signals 
The output signal of the low frequency phase detector has been exaggerated for illustrative purposes so that 
60 is integrated by filter 62 and then applied to TVCO 40 the step size is large enough to illustrate the stepping of 

56 as its frequency controlling voltage. the sample timing relative to the phase of VI. 

The VI signal output of TVCO 56 and the output Referring again to FIG. 5, TPLO 30 is similar to 
signal of SAW oscillator are applied as inputs to a sam- TPLO 28 and includes a triggered voltage controlled 
pling phase detection circuit 72. A circuit suitable for oscillator 64 driving a divide-by-N counter 68, trig- 
use as phase detector circuit 72 is described in detail in 45 gered low frequency phase detector 68, and a filter 70, 
co-pending U.S. patent application Ser. No. 06/858,428 the output of filter 70 being fed back to the frequency 
filed May 1, 1986 and a circuit suitable for use as saw control input of TVCO 64. The output of TVCO 64 
oscillator 34 is described in detail in co-pending U.S. comprises the V2 signal output of the TPLO 30 which 
patent application Ser. No. 06/858,485 filed Apr. 30, is applied to another sampling phase detector 76, similar 
1986. Phase detection circuit 72 samples the VI input 50 to phase detector 72. The output of phase detector 76 is 
waveform on each occurrence of a strobe output signal applied to a D input of another flip-flop 78, the inverted 
produced by the SAW oscillator 34 and produces an Q output of flip-flop 78 being connected as the fre- 
output signal V5 whenever the sampled VI signal falls quency locking signal to the low frequency phase detec- 
below zero potential. The output signal V5 is applied to tor 68. The divide-by-N counter 66 is also set with a 
- a D input of a flip-flop 74 clocked by the VI output 55 count limit of N equal to 4096 and the output strobe 
signal of TVCO 56. The inverted Q output of flip-flop signal Vs of SAW oscillator 34 is applied as the strobe 
74 provides the frequency-locking signal applied to a signal to phase detector 76. In this arrangement the 
non-inverting input of phase detector 60 while the Q output signal V2 of TVCO 64 is also maintained at 
output of the flip-flop resets the divide-by-N counter 58. 3 1 5.380 megahertz. 

The TVCO 56 operates continuously, the stopping 60 The interval timer 32 also includes a set of three gated 

and restarting of TVCO 56 by the trigger signal from counters 80, 82 and 84, each having a gate-open control 

trigger generator 18 of FIG. 2 being substantially in- input (O), a gate-close control input (C), and a clock 

stantaneous. In the preferred embodiment of the inven- input. Each gated counter counts the number of cycles 

tion, the SAW oscillator 34 operates at a frequency of applied to its clock input following a pulse applied to 

315.457 megahertz and the count limit N of counter 58 65 the gate-open input, the count being terminated by a 

is 4096. In this arrangement the frequency difference pulse applied to the gate-close input The output Vs of 

between the output Vs of the SAW oscillator 34 and the SAW oscillator 34 is applied to the clock input of gated 

output VI of TVCO 56 must be such that the output counter 82, the output VI of TVCO 56 is applied to the 
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clock input of gated counter 80 and the output V2 of 
TVCO 64 is applied to the clock input of gated counter 
84. The Q output of flip-flop 74 drives the gate-close 
terminal of gated counter 80 and the Q output of flip- 
flop 78 drives the gate-close terminal of gated counter 5 
84. TVCO 56 generates a start signal pulse whenever 
the trigger generator 18 of FIG. 2 retriggers the output 
signal VI of TVCO 56 and the start signa] is applied to 
the gate-open input of counter 80. A similar start signal 
generated by TVCO 64 is also applied to the gate-open 10 
input of counter 84. The Q outputs of flip-flops 74 and 
78 are connected to inputs of a gate control circuit 81. 
Gate control circuit 81 has three outputs, one driving 
the gate-open input of counter 82, another driving the 
gate-close input of counter 82 and a third (SIGN) indi- 15 
eating whether the Q output of flip-flop 74 sets before 
or after the Q output of flip-flop 78. The gate control 
circuit 81 is a state machine which asserts its gate-open 
output when the first of either of the Q outputs of flip- 
flop 74 or 78 is set and asserts its gate-close output when 20 
the second Q output sets. 

Assuming by way of example that the time difference 
between a triggering event and a strobe signal is to be 
measured and that the triggering event appears before 
the strobe signal, the triggering event detected by trig- 25 
ger generator 21 of FIG. 2 causes the trigger generator 
21 to transmit a trigger signal to TVCO 56 of TPLO 28 
before the strobe sense signal produced by strobe gener- 
ator 14 causes trigger generator 22 to transmit a trigger 
signal to TVCO 56 of the TPLO 30. When the TVCO 30 
56 is triggered, it transmits its start signal to the gate- 
open terminal of gated counter 80. Gated counter 80 
thereupon begins counting cycles of the VI output 
signal of TVCO 56. When phase detector 72 detects a 
next zero crossing in the sampled value of VI, it sets 35 
flip-flop 74. The Q output of flip-flop 74 pulses the 
gate-close input of counter 80 to terminate the count. 
Thus the ending count n in gate counter 80 represents 
the time period TP of FIG. 6 between the trigger signal 
applied to TVCO 56 and the next coincidence between 40 
a zero crossing of VI and a strobe signal Vs. When the 
gate control circuit 81 detects the Q output of flip-flop 
74, it transmits a pulse to the gate-open terminal of 
counter 82 causing counter 82 to begin counting pulses 
of the Vs signal output of the SAW oscillator 34. 45 

The trigger signal resulting from the strobe sense 
signal retriggers TVCO 64 and TVCO 64 generates a 
start signal pulse which gate opens counter 84 so that 
counter 84 begins counting pulses of the V2 signal. 
Phase detector 76 samples the V2 signal produced by 50 
TVCO 64 and when it detects a next zero crossing in 
the sampled value of V2, it sets flip-flop 78. The Q 
output of flip-flop 78 pulses the gate-close input of 
counter 84 to terminate its count. Thus the ending count 
nl in gated counter 80 represents the time period TP1 of 55 
FIG. 6 between the trigger signal applied to TVCO 64 
and the next coincidence between a zero crossing of V2 
and a strobe signal Vs. When the gate control circuit 81 
detects the Q output of flip-flop 78, it transmits a pulse 
to the gate-close terminal of counter 84 causing counter 60 
84 to stop counting pulses of the Vs signal output of the 
SAW oscillator 34. The ending count n2 in counter 82 
thus is indicative of the period TP2 between the V5 
pulse and the V6 pulse. The time period TP3 between 
the triggering event and the strobe sense signal may be 65 
computed according to the following expression: 

m = Tsaw{{n2) + ((N+ IX" - nl)/*]) [1 ) 
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where Tsaw is the period of the SAW oscillator 34 
output signal Vs, N is the setting (4096) of the divide by 
N counters 58 and 66, n is the ending count in counter 
80, nl is the ending count in counter 84, and n2 is the 
ending count in counter 82. 

When the strobe sense signal occurs before the trig- 
gering event, the period TP3 between the trigger sig- 
nals generated in response to the strobe sense signal and 
the triggering event is determined by the expression: 

TPi _ TsawiW) + [CN+ 1 )(« I - fl)/JV]} [2) 

The count outputs n, nl and n2 of gated counters 80, 
84 and 82, along with the SIGN signal output of gate 
control circuit 81 are applied to an arithmetic logic unit 
(ALU) 86 which computes the above, depending on the 
state of the SIGN signal indicating whether the trigger- 
ing event or the strobe drive signal occurred first The 
ALU 86 then transmits the computed time to the micro- 
processor 26 of FIG. 2. 

The interval timer 32 may also be utilized to measure 
jitter in the Vin signal with a high degree of accuracy. 
Referring to FIGS. 1 and 2, when a repetitive signal 
such as Vin is subject to jitter, the period between suc- 
cessive triggering events T0-T4 varies. To accurately 
measure the time period between successive triggering 
events the input signal Vin may be applied to both trig- 
ger generator 21 and trigger generator 22 of FIG. 2 and 
the trigger generators 21 and 22 may be successively 
armed by arming controller 40 so that trigger generator 
21 generates a trigger signal on detection of a first trig- 
gering event in the input waveform Vin while trigger 
generator 22 generates a trigger signal on the second 
triggering event in the input waveform Vin. Thus inter- 
val timer 32 measures the time difference between the 
two triggering events with high accuracy. Signal jitter 
is determined by comparing measured time difference 
between successive pairs of triggering events. 

Thus according to the foregoing description the 
equivalent time pseudorandom sampling system of the 
present invention samples a repetitive waveform within 
each of several acquisition windows bounding repeti- 
tive sections of the waveform In order to obtain equiv- 
alent time sample data characterizing the shape of the 
waveform included within each acquisition window, 
the period between successive triggering events is mea- 
sured and sampling is delayed following an initiating 
triggering event by delay times adjusted according to 
the measured periods so as to maximize the probability 
that sampling will occur within each acquisition win- 
dow. The time intervals between samples and triggering 
events are measured with high accuracy utilizing the 
above-described dual vernier interpolation time interval 
measurement system. 

While a preferred embodiment of the present inven- 
tion has been shown and described, it will be apparent 
to those skilled in the art that many changes and modifi- 
cations may be made without departing from the inven- 
tion in its broader aspects. The appended claims are 
therefore intended to cover all such changes and modi- 
fications as fall within the true spirit and scope of the 
invention. 

I claim: 

1. A method for measuring a time interval between 
first and second events comprising the steps of: 
periodically generating a reference signal; 
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triggering first and second periodic signals on occur- 
rence of said first and second events, respectively; 

sampling said first and second periodic signals on 
each occurrence of said reference signal and deter- 
mining the magnitude of each signal sample; 

counting cycles of said first periodic signal occurring 
after triggering said first periodic signal and before 
the sampled magnitude of said first periodic signal 
crosses a predetermined level, thereby producing a 
first count; 

counting cycles of said second periodic signal occur- 
ring after triggering said second periodic signal and 
before the sampled magnitude of said second peri- 
odic signal crosses said predetermined level, 
thereby producing a second count; and 

counting occurrences of said reference signal gener- 
ated between a first moment when said sampled 
magnitude of said first periodic signal crosses said 
predetermined level and a second moment when 
said sampled magnitude of said second periodic 
signal crosses said predetermined level, thereby 20 
producing a third count 

2. The method according to claim 1 wherein said first 
and second periodic signals are of frequencies which 
differ from the frequency of said reference signal. 

3. The method according to claim 2 further compris- 
ing the step of computing said time interval according 
to said first, second and third counts. 

4. A method for sampling a repetitive waveform, the 
method comprising the steps of: 

measuring a first time interval between first and sec- 
ond triggering events in said repetitive waveform; 30 
and 

generating in delayed response to a third triggering 
event in said, repetitive waveform a strobe signal 
for initiating sampling of said repetitive waveform, 
the delay between said third triggering event and 35 
generation of said strobe signal being adjusted ac- 
cording to said measured time interval. 

5. The method according to claim 4 wherein said 
delay is adjusted to equal the sum of said measured first 



said sampled magnitude of said second periodic 
signal crosses said predetermined level. 

9. An apparatus for measuring a time interval be- 
tween first and second events comprising: 

a reference oscillator for periodically generating a 
reference signal; 

a first triggerable oscillator for generating a first peri- 
odic signal triggered by said first event; 

a second triggerable oscillator for generating a sec- 
ond periodic signal triggered by said second event; 

means for sampling said first and second periodic 
signals on each occurrence of said reference signal; 

means for counting cycles of said first periodic signal 
occurring before the sampled magnitude of said 
first periodic signal crosses a predetermined level; 

means for counting cycles of said second periodic 
signal occurring before the sampled magnitude of 
said second periodic signal crosses a predetermined 
level; and 

means for counting occurrences of said reference 
signal generated between a first moment when said 
sampled magnitude of said first periodic signal 
crosses said predetermined level and a second mo- 
ment when said sampled magnitude of said second 
periodic signal crosses said predetermined level. 

10. An apparatus for timing sampling of a repetitive 
waveform comprising: 

means for measuring a first time interval between first 
and second triggering events in said repetitive 
waveform; and 

means for generating in delayed response to a third 
triggering event in said repetitive waveform a 
strobe signal for initiating sampling of said repeti- 
tive waveform, the delay between said third trig- 
gering event and generation of said strobe signal 
being set according to said measured first time 
interval. 

11. The apparatus according to claim 10 wherein said 
delay is set equal to said measured first time interval 
adjusted by a predetermined interval. 

12. The apparatus according to claim 10 further corn- 



time interval and a predetermined interval. m , . 

6. The method according to claim 4 wherein said 40 P nsm g me ™* measuring a second time interval 
delay is adjusted to equal the difference between said between said strobe signal and a fourth triggering event 
measured first time interval and a predetermined inter- m said repetitive waveform. 

va l 13. The apparatus according to claim 12 wherein said 

7. The method according to claim 4 further compris- means for measuring said second time interval com- 
ing the step of measuring a second time interval be- 45 prises: 
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tween said strobe signal and a fourth triggering event in 
said repetitive waveform. 

8. The method according to claim 7 wherein the step 
of measuring said second time interval comprises the 
substeps of: 

periodically generating a reference signal; 

triggering a first periodic signal on occurrence of said 
strobe signal and triggering a second periodic sig- 
nal on occurrence of said fourth triggering event; 

sampling said first and second periodic signals on 55 
each occurrence of said reference signal and deter- 
mining the magnitude of each signal sample; 

counting cycles of said first periodic signal occurring 
after triggering said first periodic signal and before 
the sample magnitude of said first periodic signal 
crosses a predetennined level; 

counting cycles of said second periodic signal occur- 
ring after triggering said second periodic signal and 
before the sample magnitude of said second peri- 
odic signal crosses a predetermined level; and 

counting occurrences of said reference signal gener- 65 
ated between a first moment when said sampled 
magnitude of said first periodic signal crosses said 
predetermined level and a second moment when 
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means for periodically generating a reference signal; 
a first triggerable oscillator for generating a first peri- 
odic signal when triggered by said strobe signal; 
a second triggerable oscillator for generating a sec- 
ond periodic signal when triggered by said fourth 
triggering event; 
means for sampling said first and second periodic 
signals on each occurrence of said reference signal; 
means for counting cycles of said first periodic signal 
occurring after triggering of said first periodic 
signal and before the sampled magnitude of said 
first periodic signal crosses a predetermined level; 
means for counting cycles of said second periodic 
signal occurring after triggering of said second 
periodic signal and before the sampled magnitude 
of said second periodic signal crosses said predeter- 
mined level; and 
means for counting occurrences of said reference 
signal generated after a first moment when said 
sampled magnitude of. said first periodic signal 
crosses said predetermined level and a second mo- 
ment when said sampled magnitude of said second 
periodic signal crosses said predetennined level. 
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(57) ABSTRACT 

According to one embodiment of the present invention, a 
system (100) for measuring overall jitter is disclosed that 
includes a data converter (102) that measures a signal to 
generate a first measurement set (212) and a second mea- 
surement set (214), which are used to compute overall jitter. 
According to one embodiment of the present invention, a 
method for measuring overall jitter is disclosed. The data 
converter (102) generates the first measurement set (212) 
and the second measurement set (214) by measuring the 
signal. The overall jitter is computed using tbe measurement 
sets (212 and 214). According to one embodiment of the 
present invention, a system (400) for measuring internal 
jitter is disclosed that includes a splitter (404) that splits a 
signal into an input signal (406) and a clock signal (410). 
The data converter (102) measures the input signal (406) to 
generate a first data set and a second data set, which are used, 
to compute the internal jitter of the data converter (102). 
According to one embodiment of the present invention, a 
method for measuring internal jitter is disclosed. A signal is 
split into an input signal (406) and a clock signal (410). The 
data converter (102) measures the input signal to generate 
the first data set (508) and the second data set (512). The 
internal jitter is computed using the first data set (508) and 
the second data set (512). The external jitter is computed 
from the overall and internal jitter. The signal-to-noise ratio 
of the data converter (102) is computed from the external 
jitter. 
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METHOD AND SYSTEM FOR MEASURING 
JITTER 

This application claims priority under 35 USC § 119(e) 

(1) of provisional application No. 60/171,260 filed Dec. 15, 
1999. 

TECHNICAL FIELD OF THE INVENTION 

This invention relates generally to the field of electronic 
circuits and more specifically to a method and system for 
measuring jitter. 

BACKGROUND OF THE INVENTION 

The growing use of data converters has created a demand 
for more accurate and more precise methods for measuring 
jitter. Sampling time noise, or jitter, is a component of 
signal-to-noise ratio (SNR), which is an important parameter 
in assessing the performance of a data converter. Jitter 
causes deviations in the sampling time, which in turn causes 
deviations in the value of the signal sample. Jitter becomes 
a major factor in the SNR at relatively high input 
frequencies, for example, the frequencies at which commu- 
nications analog-to-digital converters (ADCs) operate, 
because even a small deviation in the sampling time may 
result in a large deviation in the value of the signal sample. 
As the demand for intermediate frequency sampling in 
communication systems increases, ADC manufacturers are 
faced with the task of measuring the SNR at very high input 
frequencies. The SNR at high input frequencies may be 
measured using a test system with very low jitter. Even 
state-of-the-art test systems, however, cannot meet the low 
jitter requirement. Alternatively, the SNR may be measured 
using test systems with medium jitter by measuring the jitter 
of the system and then calibrating out the jitter. Known 
methods and systems of measuring jitter, however, have not 
been completely satisfactory in terms of accuracy, precision, 
and speed. 

Calculation of the maximum jitter tolerance for a data 
converter begins with computing the SNR. Theoretically, the 
best possible SNR of an N-bit converter, assuming that the 
input is uniformly distributed between two adjacent data 
converter codes, is given by Equation (1): 

SNRmax (dfis) -6.02N-6N (1) 

Practically, the measured SNR of a data converter may be 
worse than the above prediction due to various factors, 
including jitter. Overall jitter may be due to internal factors 
inside of the data converter such as the aperture jitter of a 
sample and hold circuit or to external factors such as the 
jitter of a dock source or the phase noise of an input wave 
generator. If the amplitude noise due to overall jitter is 
integrated and the input is a sine wave, Equation (2) 
describes how overall jitter limits the best SNE of a data 
converter: 

SNRmax(dBs)— 20 logpn/t) ^ (2) 

where f is the input frequency, and e is the root mean square 
(mis) value of the overall jitter in the system . Assuming that 
the jitter induced noise level should be Less than the 
quantization noise of an ideal converter, Equations (1) and 

(2) may be equated to yield Equation (3) describing the 
maximum jitter tolerance a of a data converter: 



1 (3) 

According to Equation (3), less than 1 ps rms jitter is 
tolerated in a 14-bit communication ADC sampling a 70 
MHz if signal. This requirement is very stringent consider- 
ing the fad that the typical jitter found in CMOS digital logic 
circuits is around 20-30 ps rms. Other maximum jitter 
tolerance levels are shown in TABLE 1. 

TABLE 1 



Maximum Jitter Tblerance for ADCs (ps rms x 7ji) 



20 



Bits 


8 


10 


12 


14 


16 


[nput 












Frequency: 












10 KHz 


398107 


100000 


10000 


6309 


1585 


100 KHz 


39810 


10000 


1000 


631 


158 


1 MHz 


3981 


1000 


100 


63 


15.8 


10 MHz 


398 


100 


10 


6.3 


1.58 


100 MHz 


40 


10 


1 


0.63 


0.16 



25 The stringent low jitter requirement makes the measure- 
ment of the SNR of data converters extremely difficult. 
According to a known approach for measuring the SNR, the 
SNR is directly measured. This approach requires that the 
jitter of the system used to measure the SNR of the data 

30 converter be much lower than the maximum jitter tolerance 
level. Low jitter sine wave generators and clock sources, 
however, are very expensive and often fail to meet the 
performance requirements needed to measure the SNR of 
communication ADCs. Moreover, it is difficult to integrate 

35 low jitter sine wave generators and clock sources into 
production testers. In another approach for measuring the 
SNR, instead of using an ideal clock source or sine wave 
generator to minimize system jitter, the noise due to system 
jitter is measured and calibrated out from the overall noise. 

40 Such calibration techniques, however, remove the require- 
ment for low jitter hardware at the expense of the need for 
accurate and precise jitter measurements. For such calibra- 
tion to work, the accuracy of the jitter measurement has to 
be much better than the jitter in the test system. 

45 Known methods of measuring jitter include the sampling 
scope methods, comparator methods, and phase noise meth- 
ods. According to the sampling scope methods, a clock 
waveform is digitized at a high speed and the time between 
the two signals edges is measured. Jitter is computed from 

50 the standard deviation of the measurements. A disadvantage 
of these methods is that the scope timebase must be jitter- 
free. Moreover, the accuracy of these methods is limited to 
approximately 10 ps rms, partly due to the insufficient 8-bil 
resolution of the ADCs used in scopes. The comparator 

55 methods use a comparator to trigger at the zero crossings of 
the clock and start a coarse and a fine counter. The fine 
counter works by digitizing the discharge voltage of a 
capacitor. The coarse counter takes the average of multiple 
measurements of the time between the zero crossings. These 

60 methods, however, are slow. Moreover, the accuracy of these 
methods is limited to approximately 10 ps rms. The phase 
noise methods measure the phase noise and mathematically 
relate the phase noise to clock jitter. These methods, 
however, require a very low phase noise signal generator and 

65 a high quality mixer to mix down the fundamental compo- 
nents of the clock frequency to the base band. Moreover, 
these methods are frequency-based and are very slow. 
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While these approaches have provided improvements noise also results in more accurate estimate of signal-to- 
over prior approaches, the challenges in the field of elec- noise ratio. Another technical advantage of the present 
ironic circuits have continued to increase with demands for invention is that the external jitter may be determined using 
more and better jitter measurement techniques having the internal and overall jitter, allowing for a measurement of 
greater accuracy and precision. Therefore, a need has arisen 5 the jitter of the test system. Another technical advantage of 
for a new method and system for measuring jitter. the present invention is that it does not require practically 

jitterless components to determine the overall jitter and 
SUMMARY OF THE INVENTION mternal j itter of a data converter. Practically jitterless corn- 
In accordance with the present invention, a method and ponents are often expensive and fail to meet the require - 
system for measuring jitter are provided that substantially 10 ments needed to measure the jitter of a communications data 
eliminate or reduce the disadvantages and problems associ- converter. Therefore, the present invention allows for a more 
ated with previously developed systems and methods. accessible, more accurate calculation of jitter. Other teebni- 
According to one embodiment of the present invention, a cal ^vantages are readily apparent to one of skill in the art. 

system for measuring overall jitter is disclosed that com- BRIEF DESCRIPTION OF THE DRAWINGS 
prises a data converter and a signal generator. The signal 

generator is coupled to the data converter and outputs a For a more complete understanding of the present inven- 

signal to the data converter. The data converter measures the tion and for further features and advantages, reference is 

signal to generate a first measurement set representing now made to the following description, taken in conjunction 

overall jitter and system noise, and to generate a second with the accompanying drawings, in which: 

measurement set representing system noise. The overall 20 FIG. 1 is a block diagram of one embodiment of a system 

jitter is computed using the first measurement set and the for measuring overall jitter that may be used in accordance 

second measurement set. More specifically, the overall jitter with the present invention; 

is computed using the variance of the first measurement set FIG. 2 is a graph illustrating a first measurement set and 

and the variance of the second measurement set. ^ a mcasiir e m ent set generated in one embodiment of 

According to one embodiment of the present invention, a a me thod for measuring overall jitter in accordance with the 

method for measuring overall jitter is disclosed. First, a present invention; 

signal is input into a data converter. Second, a first mea- FIG. 3 is a flowchart demonstrating one embodiment of a 

surement set representing overall jitter and system noise is method for measuri overall jitter in accordance with the 

generated by measuring the signal. Third, a second mea- 3Q m invenlion . 

surement set representing system noise is generated by r . * 

measuring the signal. Finally, the overall jitter is computed f 4 » a block dl f? ram ° f onc ^odiment of a system 

using the first measurement set and the second measurement for measuring internal jitter that may be used in accordance 

set. More specifically, the overall jitter is computed using the Wlth the P resent mventl0n > 

variance of the first measurement set and the variance of the FIG - 5A is a graph illustrating a first data set generated in 

second measurement set. one embodiment of a method for measuring internal jitter in 

According to one embodiment of the present invention, a accordance with the present invention; 

system for measuring internal jitter is disclosed that com- FIG - 5B is a g ra P Q illustrating a second data set generated 

prises a signal generator that generates a signal. A splitter in one embodiment of a method for measuring internal jitter 

coupled to the signal generator splits the signal into an input ^ in accordance with the present invention; and 

signal and a clock signal. A data converter coupled to the FIG. 6 is a flowchart demonstrating one embodiment of a 

splitter measures the input signal using the clock signal to method for measuring internal jitter in accordance with the 

generate a first data set representing internal jitter and present invention, 
system noise and to generate a second data set representing 

system noise. The internal jitter is computable using the first 4S DETAILED DESCRIPTION OF THE DRAWINGS 

data set and the second data set. More specifically, the Various embodiments of the present invention and its 

internal jitter is computed using the variance of the first data advantages are best understood by referring to FIGS. 1-6 of 

set and the variance of the second data set. me drawings, like numerals being used for like and corre- 

According to one embodiment of the present invention, a sponding parts of the various drawings, 

method for measuring internal jitter is disclosed. First, a 50 FIG. 1 is a block diagram of one embodiment of a system 

signal is provided. Second, the signal is split into an input 100 for measuring overall jitter that may be used in accor- 

signal and a clock signal. Third, the input signal is input into dance with the present invention. The system 100 comprises 

a data converter. Fourth, the clock signal is input into the a data converter 102, and a signal generator 104, a clock 

data converter. Fifth, a first data set representing internal source 106, and a processor 108, all of which may be 

jitter and system noise is generated by measuring the input 55 coupled to the data converter 102. The overall jitter of the 

signal using the data converter. Sixth, a second data set system 100 includes the internal jitter of the data converter 

representing system noise is generated by measuring the 102, the signal generator 104, and the clock source 106. The 

input signal using the data converter. Finally, the internal data converter 102 may be, for example, a high-frequency, 

jitter is computed using the first data set and the second data high-amplitude, high-SNR analog-to-digital converter 

set. More specifically, the internal jitter is computed using 6 o (ADC), for example, a ten- to sixteen-bit communication 

the variance of the first data set and the variance of the ADC. Timejitter creates a large variation in the output of the 

second data set. data converter 102 when the input has a high frequency and 

A technical advantage of the present invention is that, a high amplitude. Thus, a high-frequency, high-amplitude 

unlike the measurements of known approaches, the calcu- input may be used to improve sensitivity to jitter. Under- 

lation of overall jitter and internal jitter does not include 65 sampling may be also used to achieve a desired jitter 

system noise, resulting in a more accurate estimate of jitter, sensitivity. Undersampling occurs when the frequency of an 

approximately 0.1 ps rms accuracy. The exclusion of system input signal is greater than one-half the sampling frequency. 
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By using undersampling, the input frequency may be high, set 212 describes the measurements of the signal 202 at 

while the sampling frequency docs not have to be high. points sampled from within the range 210, and represents 

Additionally, a converter with a high SNR may also be used overall jitter and system noise. 

to improve jitter sensitivity. For these reasons, ten- to In order to calculate overall jitter without system noise, 

sixteen-bit communication ADCs may provide more jitter 5 the second measurement set 214 is generated by measuring 

sensitivity than the eight-bit ADCs often used in scopes. the signal 202 at minimum slew rate points 208^. System 

The signal generator 104 may be, for example, a low noise, but not jitter, causes the deviations when sampling the 

phase noise sine wave generator or square wave generator. minimum slew rate points 208a-c, resulting in a range 216 

The signal generator 104 may be operable to output to the of sampled points. The deviations caused by the system 

data converter 102 a signal that has maximum slew rate 10 noise result in a variance of the measurements of the 

points, points of greatest slope, and minimum slew rate minimum slew rate points 208a-c, which are represented by 

points, points of zero slope. The clock source 106 may be the second measurement set 214. The overall jitter may be 

synchronized with the signal generator 104, for example, it computed from the variances of the first measurement set 

may be phase locked with the signal generator 104. The 2n and the ^ mnd measurement set 214. The variances may 

signal from the signal generator 104 may be sent to the input 15 b * computed using any suitable method, for example, 

105 of the data converter 102, and may be used as the signal from # the measurements, using histograms, or using 

to be sampled. The signal from the clock source 106 may be last ^ouner translorms. . 

sent to the clock 107 of the data converter 102, and may be F [ G A \ 15 a flowchart demonstrating one embodiment of a 

used to determine which points of the input signal are to be metho ? for ~™g overall jitter in accordance with he 

■ti rf .i • . r . i .l ii present invention. In general, the method shown inputs the 

sampled If the input source has very low jitter, the clock M £ 2Q2 and ^ ^ g . x ^ ^ ^ ^ 

source 106 i may be the mam source of the jitter. The 102 . Using the clock signal 204, the data converter measures 

processor 108 may be used to compute the overall jitter from the signal 202 a( tfae maximum slew rate poin(s 2 06 a ^c to 

the output of the data converter 102. formulate the first measurement set 212 representing overall 

In general, the data converter 102 is operable to generate jitter and system noise. The data converter 102 measures the 

a first measurement set by sampling the signal at the 25 signal 202 at the minimum slew rate points 208a-c to 

maximum slew rate points of the signal, and is operable to formulate the second measurement set 214 representing 

generate a second measurement set by sampling the signal at system noise. The overall jitter is computed from the first 

the minimum slew rate points of the signal. The overall jitter measurement set 212 and the second measurement set 214. 

may then be computed using the first and the second Specifically, the method begins with step 302, where the 

measurement sets. 30 signal 202 is input into the input 105 of the data converter 

FIG. 2 is a graph illustrating a first measurement set and 102. The signal 202 may be, for example, a sine wave signal 

a second measurement set generated in one embodiment of generated by a sine wave generator. The signal 202 and the 

a method for measuring overall jitter in accordance with the clock signal 204 may be synchronized with each other, and 

present invention. A signal 202 may be an output from the they may be, for example, phase-locked with each other. The 

signal generator 104, and a clock signal 204 may be an 35 frequency of the clock signal 204 may be less than that of the 

output from the clock source 106. The output signal 205 signal 202. For example, the frequency of the clock signal 

from the data converter 102 is formed by the sampling of the 204 may be approximately 20 MHz, and the frequency of the 

signal 202 by the clock signal 204. Note that the output signal 204 may be approximately 100 MHz. In step 304, the 

signal 205 may be a sine wave. In this embodiment, the clock signal 204 generated by the clock source 106 is sent 

signal 202 and the clock and signal 204 are sine waves. The 40 to the clock 107 of the data converter 102. 

signal 202 has maximum slew rate points 206a, 2066 and The method then moves to step 306, where the first 

206c, which are the points of greatest slope of the sine wave. measurement set 212 representing overall jitter and system 

The signal 202 also has minimum slew rate points 208a, noise is generated. When attempting to sample the maxi- 

2086, and 208c, which are points of zero slope of the sine mum slew rate points 206a-c, the overall jitter and system 

wave. The signal generator 104 and the clock source 106 45 noise cause the clock signal 204 and the signal 202 to 

may be synchronized, and may be, for example, phase- fluctuate and sample points within the range 210 around the 

locked. The frequency of the clock signal 204 may be less maximum slew rate points 206a-c. Since the slope at the 

than that of the signal 202. To capture a clear sine wave, the maximum slew rate points 206a-c is large, deviations 

frequency of the signal 202 may be slightly larger than the around these points result in a large variance of the mea- 

frequency of the clock signal 204 multiplied by an integer. 50 surements of the signal 202. Tne variance of first measure- 

For example, the frequency of the clock signal 204 may be ment set 212 of the measurements around the maximum 

approximately 20 MHz, and the frequency of the signal 202 slew rate points 2Q6a-c corresponds to the sum of the square 

may be slightly larger than 100 MHz. of the system noise and the square of the overall jitter 

The overall jitter and the system noise cause the clock induced noise, from which the overall jitter and system noise 

signal 204 and the signal 202 to fluctuate such that an 55 can be computed. The variance may be computed from a 

attempted sampling of the maximum slew rate points histogram of the first measurement set 212, where the 

206a-c may result in actually sampling points 207a-c histogram is normalized to form H^x). In step 308, the 

within a range 210 around the maximum slew rate points second measurement set 214 representing system noise is 

206o-c. Since the slope is large around the maximum slew generated. System noise, but not overall jitter, causes devia- 

rate points 20&.-C, deviations from the maximum slew rate 60 tions 216 when sampling of the minimum slew rate points 

points 206a-c cause a large variance in the measurements of 208a-c, resulting in a variance of the measurements of the 

the sine wave. Note that undersampling may be used to signal 202. The variance of the second measurement set 214 

achieve a high slew rate. Undersampling occurs when fre- of the measurements around the minimum (zero) slew rate 

quency of an input signal is greater than one-half the points 208 corresponds to the square of the system noise, 

sampling frequency. By using undersampling, the input 65 The variance may be computed from a histogram of the 

frequency may be increased, thus increasing the slew rate, second measurement set 214, where the histogram is nor* 
without increasing the sampling rate. A first measurement 
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In general, in steps 315-316, the overall jitter is computed 
from the variance of the normalized first histogram H ma Jx) 
and the variance of the normalized second histogram H^,, 
(x). Specifically, in step 310, the variance of H max (x) gen- 
erated in step 306 may be computed either directly from the 
data set or by using Equation (4): 

varrlix-ZfH^Mdx (4) 

where 

x x -\xH m ^{x)dx 

In step 312, the variance of H^x) generated in step 308 
may be computed either directly from the data set or by 
using Equation (5): 

varrl{x-2#H mln {x)dx (5) 

where 

~xr\xH min {x)dx 

The variances of the first measurement set 212 and the 
second measurement set 214 may be computed using 
another suitable method, for example, computed directly 
from the measurement sets 212 and 214 or using fast Fourier 
transforms. 

In step 314, the variance representing overall jitter is 
obtained by subtracting the variance representing system 
noise from the variance representing overall jitter and sys- 
tem noise, as shown by Equation (6): 

var ) »var 1 -var 2 (6) 

In step 316, the overall jitter is computed from the 
variance representing overall jitter, as shown in Equation 
(7): 

1 / (7) 

After computing the overall jitter, the method terminates. 

FIG. 4 is a block diagram of one embodiment of a system 
400 for measuring internal jitter that may be used in accor- 
dance with the present invention. In general, the system 400 
comprises an signal generator 104 coupled to a splitter 404 
coupled to the data converter 102. Specifically, the signal 
generator 104 may be, for example, a low phase noise sine 
wave generator. The splitter 404, which may be, for 
example, a power splitter, splits the signal from the signal 
generator 104 into a splitter-input signal 406 and a splitter- 
clock signal 410. A splitter-input signal 406 of the splitter 
404 may be biased using a first bias circuit 408 coupled to 
the splitter 404 and the data converter 102. The splitter-input 
signal 406 may be sent to the input 105 of the data converter 
102. A splitter-clock signal 410 of the splitter 404 may be 
biased using a second bias circuit 412 coupled to the splitter 
404 and the data converter 102. The splitter clock signal 410 
may be sent to the clock 107 of the data converter 102. Since 
the signals to the input 105 and the clock 107 of the data 
converter are from the same source, any jitter in the source 
signal is present at both the clock and the input, canceling 
the jitter of the input and clock signals. The internal noise of 
the data converter 102 may be canceled by repeating the 
measurements under different phase conditions between the 
input and the clock, which may be obtained by varying the 
length of either the splitter-input signal 406 path or the 
splitter-clock signal 410 path. These paths may be varied by, 
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for example, using traces 414a-c of different lengths, using 
relays to switch between the traces. A processor 416 may be 
used to compute the internal jitter of the data converter 102. 
In general, when the clock and input frequencies are the 

5 same, the input is undersampled at twice the Nyquist fre- 
quency. If there were no noise or jitter, the output would be 
a straight direct current line at certain codes of the data 
converter. When jitter or noise is present, they can be 
measured from the data at the maximum and minimum slew 

10 rate points of the input signal. The data converter 102 is 
operable to generate a first data set by sampling the input 
signal at the maximum slew rate points of the input signal, 
and is operable to generate a second data set by sampling the 
input signal at the minimum slew rate points of the input 

15 signal. The internal jitter may then be computed from the 
first and the second data sets. 

FIG. 5A is a graph illustrating a first data set generated in 
one embodiment of a method for measuring internal jitter in 
accordance with the present invention. The splitter-input 

20 signal 406 has maximum slew rate points 502a-c, which are 
the points of maximum slope of the splitter- input signal 406. 
Maximum slew rate points 502o-c are sampled by capturing 
data around the mid-code of the data converter 102. When 
attempting to sample the maximum slew rate points 502a-c, 

25 internal jitter and system noise cause the data converter 102 
to fluctuate and to sample points 503a-c in a range 506 
around the maximum slew rate points 502a-c, resulting in a 
variance in the measurements of the splitter-input signal 
406. The variance of the first data set 508 of measurements 

30 of the points sampled around the maximum slew rate points 
502 represents internal jitter and the data converter's 102 
random noise. 

FIG. 5B is a graph illustrating a second data set generated 
in one embodiment of a method for measuring internal jitter 

35 in accordance with the present invention. The splitter-input 
signal 406 has minimum slew rate points 504a-c, which are 
the points of zero slope of the splitter-input signal 406. 
Minimum slew rate points 504a-c are sampled by capturing 
data around the zero-scale or full-scale codes of the data 

40 converter 102. System noise causes the data converter 102 
to fluctuate when sampling the minimum slew rate points 
504a-c and measure points 505a-c within a range 510 
around the points 504a-c, resulting in a variance of mea- 
surements. The variance of the second data set 512 of 

45 measurements of points sampled around the minimum slew 
rate points 504a-c represents the system noise. 

FIG. 6 is a flow chart demonstrating one embodiment of 
a method for measuring internal jitter in accordance with the 
present invention. In general, in this embodiment, the split- 

50 ter 404 splits a signal, for example, a radio frequency signal, 
into a splitter-input signal 406 that is sent to the input 105 
of the data converter 102, and splitter-clock signal 410 that 
is sent to the clock 107 of the data converter 102. The data 
converter 102 samples the maximum slew rate points 

55 502a-c of the splitter-input signal 406 to generate the first 
data set 508 representing internal jitter and system noise. 
The data converter 102 samples the minimum slew rate 
points 510 of the input signal 406 in order to generate the 
second data set 512 representing system noise. The internal 

60 jitter is computed from the first data set 508 and the second 
data set 512. The external jitter is computed from the overall 
jitter and the internal jitter. Finally, the signal-to-noise-ralio 
(SNR) is computed from the external jitter. 

Specifically, the method begins with step 602, where a 

65 signal is provided. The signal may be provided using, for 
example, using the signal generator 402. In step 604, the 
signal is split using the splitter 404 into the splitter-input 
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signal 406 and the splitter-clock signal 410. The input signal splitter input 410 signals are different. Note also that any 

has maximum slew rate points 502a-c and minimum slew amplitude, frequency or phase may be used in the above 

rate points 504a-c. In step 606, the splitter-input signal 406 formulas. 

is input into the input 105 of the data converter 102. In step The accuracy of the measurement depends on the size of 

608, the clock signal 410 is input into the clock 107 of the 5 the following value: 
data converter 102. 

The method proceeds to step 610, where the first data set ((Mi ««(0i)) 2 -(Mi cosM 2 ] 

508 is generated. When attempting to sample the maximum ,,..,.«..,, 

slew rate points 502a-*, internal jitter and system noise ,f the value 15 f^f ^ lar S e > measurement will be 

cause the data converter 102 to sample points in the range to m ° re accurate While known approaches have an accuracy 

506 around the points 502<«, which causes a variance in °[ »PPn>xmwtely 10 ps rms. this embodiment of the method 

the measurements of the splitter-input signal 406. The of measuring jitter has an accuracy of approximately 0.1 ps 

variance of the histogram of the first data set 508 of nn , s " , _ .. , t . _ 

measurements around the maximum slew rate points repre- . In s ' e P. 62 °- the ext ' raal J ltter , » plated from the 

sents internal jitter and system noise. To measure the maxi- 15 mternal J l,ter dete ™"> ed in step 614 and the overall jitter, 

mum slew rate points SBZa-c, the path lengths of the splitter Assuming no correlation between the noise sources, the 

input 406 and the splitter-clock 410 signals are varied until external J ,tter 18 8 iven b y B *™ tion ( 9 > : 

the measured data is around the mid-scale code of the data j ^ — -7 ^ 

converter 102. In step 612, the second data set 512 is 

generated. System noise causes deviations when sampling 20 Also, the external jitter induced noise is given by Equation 

the minimum slew rate points S04a-c, which results in a (10): 
variance in the measurements of the splitter-input signal 406 

around the minimum slew rate points 504a-c. The variance n itexl „ nar ^hAf in j alertia t (10) 

of the histogram of the second data set 512 of measurements . 

represents system noise. To sample the minimum slew rate 25 where A 15 the in put amplitude and 'f is the input fre- 

points 405a-c, the path lengths of the splitter input 406 and quency. „..,.,, 

the splitter-clock 410 signals may be varied, for example, in s ' e P 622 > SJ ^? « calculated from the 

using traces 414a-c, until the measured data is around the external J ,lter from ste P 620 - ™ e SNR 15 calculated by 

zero-scale or full-scale codes of the data converter 102. calibrating out the effects of the external jitter. The true SNR 

In general, in steps 614 through 618, the internal jitter is 30 of lhe da,a converter 102 is given by Equation (11): 
calculated from the variance of the first data set 508 gener- 
ated in step 610 and the variance of the second data set 512 SNRi _ 101o / A '/ 2 ) 



generated in step 612. Specifically, in step 614, the variance " \N* - n s.mtm*) 
varj of the first data set 508 is computed. The variance may 
be computed, for example, by directly computing the vari- 35 

ance from the data. Other appropriate alternatives may be while a known method ma y estlmate the SN * ° f a » blt 66 

used, for example, computing the variance from a histogram MSPS communication ADC at a frequency of 16 MHz to be 

or a Fourier transform of the data set. In step 616, the approximately 58 dBs, applying the method of jitter correc 

variance var 2 of the second data set 512 is computed. As in tioD '° the calculation of the SNR of the same ADC may 

step 614, variance var 2 may be computed, for example, 40 y ield an SNR value of approximately 63 dBs 

directly from the data or from a histogram or a Fourier A tech ° ical advantage of the present invention is that, 

transform of the data set unlike the measurements of known approaches, the calcu- 

In step 618, the internal jitter is computed using Equation lation of overaI1 i ilter and intemal i ilter does no1 

C 8 y " system noise, resulting in a more accurate assessment of 

4S jitter, approximately 0.1 ps rms accuracy. The exclusion of 

8 system noise also results in more accurate assessment of 

signal-to-noise ratio. Another technical advantage of the 



[{fx Aico^)) 2 - {f 2 A 2 cos(o 2 )?) present invention is that it does not require jitterless com- 

ponents to determine the overall jitter and internal jitter of a 

«- n data converter. Practically jitterless components are often 

f, is the frequency of the signal of the first data set; expensive and fail to meet the requirements needed to 

f 2 is the frequency of the signal of the second data set; measure the jitter of a communications data converter. 

A l is the amplitude of the signal of the first data set; Therefore, the present invention allows for a more 

A, is the amplitude of the signal of the second data set; accessible, more accurate calculation of jitter, resulting in a 

4 • 4 . i r,t_ j , * c cc more accurate test of a data converter, 

output, is the average value of the measured outputs from 55 U1U '; <"-™ a «- L \, . uaui ~" . . , . 

the first data set Although an embodiment of the invention and its advan- 

' tages are described in detail, a person skilled in the art could 

output, is the average value of the measured outputs from make various alternations> additions, and omissions without 

the second data set. departing from the spirit and scope of the present invention 

60 as defined by the appended claims. 

91 = arcsii 2 * 0 ^]; ^ What is claimed is: 

* Al ' 1. A system for measuring jitter, the system comprising: 

9 2 = 3rciinf 2 * omput2 ) a signal generator operable to output a signal; 

a data converter coupled to the signal generator, and 

65 operable to periodically measure the signal near maxi- 

Note that the measurements may be taken such that f^f, and mum slew rate points of the signal to generate a first 

A^A^ and the path lengths for the splitter clock 406 and the measurement set and to periodically measure the signal 
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near minimum slew rate points of the signal to generate 
a second measurement set; and 
circuitry coupled to the data converter, for computing a 
measurement of jitter using the first measurement set 
and the second measurement set. 5 

2. The system of claim 1 wherein the data converter is an 
analog-to-digital converter. 

3. The system of claim 1 wherein the signal generator is 
a sine wave generator. 

4. The system of claim 1 wherein the signal generator is 10 
a square wave generator. 

5. The system of claim 1 further comprising a clock 
source coupled to the data converter, wherein the clock 
source is operable to output a clock signal to the data 
converter and is synchronized with the signal generator. 15 

6. The system of claim 1 further comprising a clock 
source coupled to the data converter, wherein the clock 
source is operable to output a clock signal to the data 
converter and is phase locked with the signal generator. 

7. The system of claim 1 wherein: 2 0 
the variance of the first measurement set represents over- 
all jitter and system noise; 

the variance of the second measurement set represents 

system noise; and 
the overall jitter is computable using the variance of the 25 

second measurement set and the variance of the first 

measurement set. 

8. A method for measuring jitter, the method comprising: 
inputting a signal into a data converter; 

generating a first measurement set by periodically mea- 30 
suring the signal near its maximum slew rate points 
using the data converter; 

generating a second measurement set by periodically 
measuring the signal near its minimum slew rate points 
using the data converter; and 35 

computing the jitter using the first measurement set and 
the second measurement set. 

9. The method of claim 8 wherein the data converter is an 
analog-to-digital converter. ^ 

10. The method of claim 8 wherein the signal is a sine 
wave. 

11. The method of claim 8 further comprising inputting a 
clock signal into the data converter, wherein the clock signal 

is synchronized with the signal. 45 

12. The method of claim 8 further comprising inputting a 
clock signal into the data converter, wherein the clock signal 
is phase -locked with the signal. 

13. The method of claim 8 wherein the step of computing 
comprises: 5Q 

computing the variance of the first measurement set, 

wherein the variance of the first measurement set 

represents overall jitter and system noise; 
computing the variance of the second measurement set, 

wherein the variance of the second measurement set ^ 

represents system noise; and 
computing the overall jitter using the variance of the 

second measurement set and the variance of the first 

measurement set. 

14. The method of claim 8 wherein the step of computing 60 
comprises: 

computing the variance of the first measurement set using 
a first histogram of the first measurement set, wherein 
the variance of the first measurement set represents 
overall jitter and system noise; 65 

computing the variance of the second measurement set 
using a second histogram of the second measurement 



set, wherein the variance of the second measurement 
set represents system noise; and 
computing the overall jitter using the variance of the 
second measurement set and the variance of the first 
measurement set. 

15. The method of claim 8 wherein the step of computing 
comprises: 

computing the variance of the first measurement set using 
a Fourier transform of the first measurement set, 
wherein the variance of the first measurement set 
represents overall jitter and system noise; 

computing the variance of the second measurement set 
using a Fourier transform of the second measurement 
set, wherein the variance of the second measurement 
set represents system noise; and 

computing the overall jitter using the variance of the 
second measurement set and the variance of the first 
measurement set. 

16. A system for measuring jitter, the system comprising: 
a signal generator operable to generate a signal; 

a splitter coupled to the signal generator and operable to 
split the signal into an input signal and a clock signal; 

a data converter coupled to the splitter and operable to 
periodically measure the input signal near its maximum 
slew rate points using the clock signal to generate a first 
data set and to periodically measure the input signal 
using the clock signal near its minimum slew rate 
points to generate a second data set; and 

circuitry, coupled to the data converter, for computing the 
jitter using the first data set and the second data set. 

17. The system of claim 11 wherein the data converter is 
an analog-to-digital converter. 

18. The system of claim 11 wherein the signal generator 
is a sine wave generator. 

19. The system of claim 11 wherein the signal generator 
is a square wave generator. 

20. The system of claim 16 wherein: 

the variance of the first data set represents internal jitter 

and system noise; 
the variance of the second data set represents system 

noise; and 

the internal jitter is computable using the variance of the 
second data set and the variance of the first data set. 

21. A method for measuring external jitter, the method 
comprising: 

measuring the overall jitter by: 

inputting a signal into a data converter; 

generating a first measurement set representing overall 
jitter and system noise by measuring the signal using 
the data converter; 

generating a second measurement set representing sys- 
tem noise by measuring the signal using the data 
converter; and 

computing the overall jitter using the first measurement 
set and the second measurement set; 
measuring the internal jitter by: 

providing a signal; 

splitting the signal into an input signal and a clock 
signal; 

inputting the input signal into a data converter; 
providing the clock signal into the data converter; 
generating a first data set representing internal jitter and 
system noise; 

generating a second data set representing system noise; 
and 
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computing the external jitter using the first data set and 
the second data set; and 
calculating the external jitter using the overall jitter and 

the internal jitter. 
22. A method for measuring signal-to -noise ratio, the 5 
method comprising: 

measuring the overall jitter by: 
inputting a signal into a data converter, 
generating a first measurement set representing overall 
jitter and system noise by measuring the signal using 10 
the data converter; 
generating a second measurement set representing sys- 
tem noise by measuring the signal using the data 
converter; and 

computing the overall jitter using the first measurement 15 
set and the second measurement set; 
measuring the internal jitter by: 
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providing a signal; 

splitting the signal into an input signal and a clock 
signal; 

inputting the input signal into a data converter; 
providing the clock signal into the data converter; 
generating a first data set representing internal jitter and 
system noise; 

generating a second data set representing system noise; 
and 

computing the external jitter using the first data set and 
the second data set; 
calculating the external jitter using the overall jitter and 

the internal jitter; and 
calculating the signal-to-noise ratio using the external 

jitter. 

4 * * * * 
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